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ABSTRACT 
 
 The etiologic agent of bubonic plague, Yersinia pestis, produces cell density-dependent 
chemical signals in a process named quorum sensing (QS). Though the closely related enteric 
pathogen Yersinia pseudotuberculosis uses a QS system to regulate motility, the role of 
quorum sensing in Y. pestis is unclear. Yersinia pestis possess two conserved QS systems, an 
AI-1 system that utilizes acyl homoserine lactones (AHLs) as signals and the LuxS pathway 
that responds to the AI-2 autoinducer. Yersinia pestis has two functional AI-1 pathways, Ysp 
and Ype. The AI-2 quorum sensing system has been linked to diverse phenotypes and 
regulatory changes in pathogenic bacteria. For several reasons, it was not clear what effect 
AHL and AI-2 pathways have on virulence gene expression and survival in the two different 
hosts, flea and human. Seventeen transcriptional profiling experiments were performed using 
Y. pestis strain CO92 ∆pgm and microarrays based on the same strain. These studies included 
QS mutant comparison and purified QS signal addition experiments at two temperatures 
(30°C and 37°C) representing the two hosts. Our microarray studies data were confirmed by 
qRT-PCR. Statistical analyses were used to determine p, q (false discovery rate) and fold 
change values as measures of significant transcriptional differences, and thus the 
identification of Y. pestis quorum sensing regulated functions. Our data show that AHL based 
signaling can have profound effects on the cellular physiology of Y. pestis, especially on its 
carbohydrate metabolism and on virulence gene expression at 30°C. Maltose fermentation 
and the glyoxylate bypass were also induced by AHL signaling in a temperature dependent 
fashion. Also, AHL quorum sensing systems regulated more genes at the lower temperature 
suggesting that their impact on flea survival is greater than on virulence in the mammalian 
host. When strains with single mutations in ypeIR and yspI were examined by transcriptional 
analysis, ∆ypeI controlled more genes although it is responsible for producing only one of the 
four AHLs, N-(3-oxooctanoyl)-homoserine lactone. In contrast to AHL effects, our data 
show that AI-2 quorum sensing is associated with metabolic activities and oxidative stress 
genes that help Y. pestis survive at the host temperature of 37°C. 
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CHAPTER 1. GENERAL INTRODUCTION 
 
Introduction 
Yersinia pestis, the etiological agent of plague, is sometimes referred to as Black Death. 
By conservative estimates, it has killed over two hundred million people throughout recorded 
history (2). Generally Y. pestis is transmitted subcutaneously by infected fleas, but it can also 
be transmitted directly into the lungs by aerosols from infected individuals with pneumonic 
plague or through intentional released by a bioterrorist as a threat to public safety. The 
disparate environments (flea midgut vs. mammalian host) in which Y. pestis must survive 
requires complex gene regulatory mechanisms to conserve energy. Most bacteria have more 
than one gene regulatory mechanism that includes a system for sensing population densities 
called quorum sensing (QS). Yersinia pestis possess two conserved QS systems, the AI-1 
pathway that utilizes acyl homoserine lactones (AHLs) as signals and the LuxS pathway that 
responds to the AI-2 autoinducer.  However, the function and process of quorum sensing is 
complex and poorly understood in Y. pestis. The focus of this study was to delineate the 
effects that QS might have on gene regulation. As quorum sensing is highly complex, 17 
transcriptome analyses including mutant comparison and signal added in studies were 
performed. The work outlined in this dissertation will aid in expansion of our knowledge of 
the function of quorum sensing in Y. pestis. 
 
Dissertation Organization 
The dissertation begins with a general introduction of Y. pestis including general 
characteristics and pathogenesis (Chapter 1). Chapter 2 describes the detection of AHLs as a 
function of growth, the effect that QS has on maltose fermentation and minimal acetate 
medium growth check and identifies genes regulated by AHL QS in Y. pestis. Chapter 3 
describes the genes regulated by Ype or Ysp AHL QS pathways in Y. pestis. Chapter 4 shows 
AI-2 detection, AI-2 quorum sensing in Yersinia pestis by deletion mutation and 
transcriptomics. Chapter 5 contains a general discussion and future studies. The appendices 
include various other studies that were performed in response to the overall needs of the 
multi-institutional project.These included protein purification studies for the F1-V modified 
fusion protein rF1p-V10, LamB and YapM of Y. pestis (Appendix A); the attachment of anti-
Ail peptide antibodies to Y. pestis (Appendix B); the cloning of lsrR gene sequence from Y. 
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pestis and Escherichia coli K12, the mutagenesis of the Y. pestis sequence to repair the 
deletion inactivating the protein (Appendix C); and a killing assay with the human 
macrophage cell line THP-1 (Appendix D).  
 
Contributions 
The studies reported here are portions of the work performed for a grant from the 
Department of Defense (by Office of Naval Research Grant N00014-06-1-1176). This grant 
was a multi-investigator grant involving multiple institutions. Consequently, each of the 
chapters involve work performed by multiple investigators. For each of the chapters, I 
performed the microarray studies including data analysis and the confirming qRT-PCR. 
These studies provided preliminary data for further analysis of the QS phenotype in Y. pestis. 
For Chapter 2, my work should be considered an equal contribution to that of Christopher 
Larock, a graduate student at the University of Washington. For the other chapters, I 
performed the microarray studies and played a major role in the writing of each manuscript. 
The microarray studies represented 17 transcriptome analyses of Y. pestis QS mutant 
comparisons with the isogenic ∆pgm strain of CO92 and a series of QS signals addition 
studies all at two different growth temperatures (30°C and 37°C). I also performed the qRT-
PCR assays to confirm the results for each of the microarray studies. These chapters 
represent the contributions of numerous individuals who created Y. pestis mutants, performed 
AHL and AI-2 assays, followed up with studies on metabolic effects of QS, and, of course, 
produced the Y. pestis AI-2 in vitro using purified enzymes from Y. pestis CO92 among other 
things so that these studies could be performed. The appendices was work performed for 
other aspects of the overall project, and although not included in this dissertation in dividual 
chapters, will undoubtedly be reported in other publications in the future.  
 
Literature Review 
General characteristics 
Yersinia pestis is the etiological agent of plague. Plague, sometimes referred to as Black 
Death, has killed over two hundred million people throughout recorded history (1) . Plague is 
a dangerous public health threat because it is a fast developing bacterial infectious disease 
with high fatality rate if left untreated. The aerosolized Y. pestis can be intentionally released 
by a bioterrorist as a threat to public safety (3). Beside the potential to weaponize this 
organism, some human infections still occur due to contact with infected wild animals, such 
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as cats, marmots, bitten by infected fleas or by inhaling aerosolized particles containing live 
organisms (102). Thus the Centers for Disease Control classified Y. pestis as a category A 
agent.  
Yersinia pestis is a Gram-negative, non-motile, capsulated, non-spore-forming 
coccobacillus and a member of the family Enterobacteriaceae (20). More than 10 species 
belong to the genus Yersinia including three pathogenic species, Y. pestis, Yersinia 
enterocolitica, and Yersinia pseudotuberculosis, all of which are capable of causing invasive 
disease in humans and other mammals (80). The three enteric pathogenic species are closely 
related in genetics, while they differ significantly in pathogenesis, such as the route of 
infection, symptoms and severity of disease. Yersinia pseudotuberculosis and Y. 
enterocolitica are foodborne and waterborne pathogens that cause much milder, self-limiting 
gastrointestinal syndromes in humans when transmitted by the oral route (20).  
Yersinia pestis, a facultative anaerobe, uses respiration and fermentation to produce ATP 
(5). The doubling time of Y. pestis grown in Luri Bertani broth at 37°C is 1 h 55 min and 1 h 
23 min at 28°C respectively (29). Yersinia pestis has a rough lipopolysaccharide (LPS) 
phenotype due to frameshift mutations in its O-antigen gene cluster (84, 94). In contrast, Y. 
pseudotuberculosis and Y. enterocolitica make a typical, smooth LPS located in the outer 
membrane composed of three covalently linked domains, lipid A, core oligosaccharide and O 
antigen (64). The flagellar genes are present in Y. pestis, but it has a mutation in flhD and is 
thus aflagellar. Yersinia pestis was thought motile at some point in its history until it acquired 
this mutation (74). 
Yersinia pestis has been phylogenetically subdivided into four biovars (Antiqua, 
Mediaevalis, Orientalis, and Microtus) based on their abilities to reduce nitrate to nitrite, 
carbohydrate fermentation, and the ability to cause infectious bacteremia and death in diverse 
mammalian species (9, 109). Biovar Antiqua reduces nitrate and ferments glycerol; 
Orientalis reduces nitrate but does not ferment glycerol; Mediaevalis ferments glycerol but 
does not reduce nitrate; and Microtus can neither reduce nitrate nor ferment arabinose (8, 9). 
Microtus is avirulent to humans and larger mammals although they are highly lethal to mice 
(96). The Antiqua, Mediaevalis and Orientalis biovars are virulent and exhibit no difference 
in their virulence or pathology in animals or humans (21). 
Three major pandemics and outbreaks 
Throughout history, plague has ravaged human populations in three major pandemic 
waves: Justinian’s plague (541–767 anno Domini), which started in Africa and spread to the 
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Mediterranean and was reported to have killed 100 million people in Europe; the Black 
Death of 1346 AD to the early 19th century, which may have originated in central Asia and 
spread from the Caspian Sea to Europe and resulted in perhaps 44 million European deaths in 
the 14th century alone. Modern plague since 1894 began in southwest China and spread 
throughout the world via trading shipping from Hong Kong and is still on-going (80).  
The three virulent biovars had been thought to be associated with one pandemic wave 
based on geographic origin of the isolates and historical records (52). Biovar Antiqua, from 
East Asia and Africa, may have descended from bacteria that caused the first pandemic. 
Medievalis, from central Asia, may have descended from the bacteria that caused the second 
pandemic. Orientalis strains caused the third pandemic and have worldwide distribution due 
to spreading via steamship shipping beginning 100 years ago (80).  
Plague caused by Y. pestis still represents a serious public health threat in various regions 
of the world. Small Y. pestis pneumonic plague outbreaks have occurred in recent years, and 
bubonic plague remains endemic in many areas of the world, such as Brazil, Democratic 
Republic of the Congo, India, Libya, Madagascar, Myanmar, Peru, United States, and 
Vietnam (46). There are 1-3,000 cases of plague reported to the World Health Organization 
every year (http://www.who.int/csr/disease/plague/en/). Most of these cases are the bubonic 
form of plague. 
Yersinia pestis appears to have invaded the continental United States in 1900 through the 
Port of San Francisco, where it quickly emerged into epidemics lasting until 1904. 
Successive outbreaks of varying sizes occurred until 1925 in urban areas along the Pacific 
coast, including Los Angeles, San Francisco, Seattle and Oakland, resulting in at least 494 
human cases and a case-fatality rate of more than 50% (80). The epidemic continued in Los 
Angeles until 1925 and was the last rat-borne plague. Since then, all human plague cases in 
United States have been acquired from wild rodents or their fleas or from direct contact with 
infected animals. Sporadic outbreaks continue in Oregon, Montana, Utah, Idaho, Nevada, 
Washington, Idaho, Arizona, New Mexico, Colorado, and California (105). 
Lifestyle and transmission 
The pathogenic lifestyle of Y. pestis is complex and involves two distinct life stages, one 
in the flea vector, the other in mammalian hosts, primarily rodents (12). Its life cycle does not 
include a free-living stage because Y. pestis is auxotrophic for several amino acids 
(methionine, phenylalanine, threonine-glycine, and isoleucine-valine) and is restricted to life 
in mammals and their flea vectors (79), whereas Y. pseudotuberculosis is a prototroph that 
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can live outside a host. Over 80 species of fleas are proven vectors of plague. Major flea 
vectors include the classic oriental rat flea Xenopsylla cheopis (nearly worldwide in moderate 
climates), X. brasiliensis (Africa, India, and South America), Xenopsylla astia (Indonesia and 
Southeast Asia), Xenopsylla vexabilis (Pacific islands), and Nosopsyllus fasciatus (nearly 
worldwide in cool, temperate climates) (9). Oropsylla montanus is the most important flea 
vector in the United States (71). Yersinia pestis can be found in more than 200 species of 
wild rodents, such as rats Rattus flavipectus, R. nitidus, and R. norvegicus, guinea pigs Cavia 
spp., wood rats Neotoma spp., kangaroo rats Dipodomys spp., prairie dogs Cynomys spp., 
deer mice Peromyscus spp., ground squirrels Spermophilus spp., and rabbits Lagomorpha 
spp (9). In the central US plains, the reservoir species for Y. pestis is thought to be the 
marmot. Fleas are a long-term reservoir for Y. pestis, which can remain infected for periods 
longer than a year.  
The dominant paradigm for plague transmission is based on the classic case of vector-
mediated transmission by the oriental rat flea X. cheopis, which transmits Y. pestis among 
rats and often to humans (16). Generally, efficient transmission of Y. pestis is thought to 
occur only through the bites of blocked fleas (46). Since X. cheopis has the highest blocking 
rate among studied fleas (69), it is thought to be highly efficient at transmission. Yersinia 
pestis colonizes the flea midgut and the mass of the bacteria forms a biofilm in the 
proventriculus, a valve-like organ connecting the esophagus to the midgut. This biofilm can 
starve fleas by blocking their digestive tracts and normal blood feeding. This blockage also 
stimulates the insects to bite repeatedly in an attempt to clear their blockage, resulting in 
thousands of plague bacteria being flushed into the feeding site and the host becoming 
infected (46).  
Several features of Y. pestis have been shown to be essential for its life cycle in the flea 
vector. The murine toxin Ymt encoded in plasmid pMT is a phospholipase D, and is essential 
for flea gut colonization, promoting Y. pestis survival in the flea (20). gmhA encodes a 
phosphoheptose isomerase, an enzyme required for synthesis of heptose and is required for 
flea blockage (33). The chromosomal hms locus is required for blockage of the flea midgut to 
maximize its transmission (80). Plasmid encoded Pla is a plasminogen activator and is a 
required virulence factor for flea-borne plague (92). Pla serves as a ligand for murine DEC-
205 (CD205), a C-type lectin receptor, to promote bacteria dissemination (108). 
Despite arthropod-borne transmission, Y. pestis can be transmitted by infectious air 
droplets. Aerosolized bacteria in respiratory droplets can be easily inhaled, causing a primary 
fast fatal pneumonic infection in a new host by the airborne route. Pneumonic infection is a 
 6  
significant health risk for human because Y. pestis becomes highly transmissible when 
patient coughing or sneezing (80). 
Bubonic, septicemic, and pneumonic plague  
Yersinia pestis infections are presented clinically in humans as three forms depending on 
how the bacteria enter the body, bubonic, septicemic and pneumonic. Infection of regional 
lymph nodes through flea bites results in the bubonic form of infection, the most common 
form of the disease (80). Once Y. pestis gains access to the lymphatics, it proliferates in the 
draining lymph nodes and further disseminates via the circulation. Clinically, bubonic plague 
is characterized by regional inflammation and the appearance of tender and swollen lymph 
nodes, called buboes. Buboes can occur in any regional lymph node site in the body. Without 
early treatment, bubonic plague may evolve into life threatening septicemic plague, but it 
occurs less frequently (80).  
Septicemic plague can result from bubonic and pneumonic plague by direct transmission 
into the circulatory system from the lymphatic and respiratory systems, respectively. Primary 
septicemic plague is a progressive, overwhelming bloodstream infection and is characterized 
without bubo production or pneumonia (92). The bacterial endotoxin may initiate a cascade 
of immunologic responses that can result in a disseminated intravascular coagulopathy 
(DIC), and is almost always fatal (1). 
Pneumonic plague results from inhalation of infected airborne droplets by direct infection 
of the respiratory tract. This person-to-person transmission requires face-to-face exposure by 
airborne droplets within 2 meters of a sneezing and coughing patient (80). Initially the patient 
does not have many disease symptoms except for fever and rapid pulse. Pneumonic plague 
progresses rapidly with the lungs showing severe edema and necrotizing pneumonia and 
almost always fatal without prompt antibiotic treatment (24).  
Antibiotic therapy 
Antibiotics and the improvement of public sanitation can significantly decrease the 
morbidity and mortality associated with plague disease, but it cannot eradicate it. 
Streptomycin has been used since 1946, and is a highly efficient antibiotic. Its bactericidal 
activity is due to its ability to cross the bacterial membrane where it binds the 30S ribosomal 
subunit of the protein synthesis machinery and alters protein translation. In the following 
years, tetracyclines and aminoglycosides were introduced as therapeutics in human bubonic 
and pneumonic plague. However, the appearance of multiple antibiotic-resistant strain 17/95 
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threatens human populations (47). Therefore, it is important to develop effective vaccines or 
immunotherapeutics for the prevention or treatment of plague. 
Genome 
Yersinia pestis strains, Orientalis CO92, Mediaevalis KIM and Microtus 91001 have been 
fully sequenced (35, 79, 96). The Y. pestis CO92 is a strain recently isolated from a fatal 
human case of primary pneumonic plague contracted from an infected cat in the United 
States (36). Yersinia pestis KIM is a laboratory-passaged biovar Medievalis strain originally 
isolated in the Middle East (Kurdistan Iran man) (80). Yersinia pestis 91001 was isolated 
from Microtus brandti in Inner Mongolia from China (96). It was shown that very little 
nucleotide variation has been detected among strains in comparative sequencing studies (2). 
Comparative genomic analysis identified a 33 kb prophage-like fragment that is shared by 
CO92 and KIM but is absent in the nonvirulent 91001 strain. Song et al. (96) proposed that 
because CO92 and KIM are virulent to humans and 91001 is only virulent to mice, the 
prophage-like fragment might contribute to pathogenicity in humans. 
Wild-type Y. pestis and Y. pseudotuberculosis show a high degree of relatedness in 
chromosomal DNA while Y. enterocolitica is not that closely related. There is strong 
evidence from multi-locus sequence typing of housekeeping genes that Y. pestis evolved in 
the very recent past – within the last 1,500 to 20,000 years – from Y. pseudotuberculosis 
O:1b, which diverged from Y. enterocolitica about 50 million years ago (1). Yersinia 
pseudotuberculosis and Y. pestis have many similarities; they are indistinguishable at 16S 
RNA, their chromosomes are largely syntenic, and many of their common genes are at least 
98% identical at the DNA level. Yersinia pestis contains only 32 chromosomal genes that do 
not have identical or highly similar orthologs in Y. pseudotuberculosis.  
Yersinia pestis strains CO92 and KIM comprised 4.6 million base pairs and harbor three 
plasmids, pMT1, pCD1 and pPCP1. Both pCD1, which encodes a type III secretion system, 
and pPCP1 are associated with most classical Y. pestis strains. A striking feature of the 
genome sequences of Y. pestis is the large number of insertion sequence (IS) elements, 
IS1541A, IS100, IS285 and IS1661 (35). IS elements are mobile genetic elements with 
flanking inverted repeat sequences. These repeating sequences can also participate in 
homologous recombination to rearrange the genome. The acquisition of IS elements and their 
proliferation in Y. pestis is a major contributor to the generation of a large number of 
pesudogenes in the genome. This process likely plays an important role in the evolution of Y. 
pestis from Y. pseudotuberculosis. A total of 137 genes disrupted by IS elements (and thus 
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catagorized as pseudogenes) have been identified in the genome of the fully virulent Y. pestis 
strain CO92 are intact in Y. pseudotuberculosis (96). For example, it lacks functional inv and 
yadA genes that are well-characterized invasion and adhesion factors of the closely related Y. 
enterocolitica and Y. pseudotuberculosis, although Y. pestis spreads rapidly throughout the 
host. These genes are intact open reading frames (ORFs) in Y. enterocolitica and Y. 
pseudotuberculosis, but not in Y. pestis strains, due to an IS100 element insertion or frame 
shift mutation, respectively (93). Research shows introduction of a functional Y. 
pseudotuberculosis yadA gene into Y. pestis caused a significant decrease in virulence (89). 
Pseudogenes are intermediate stage of genome reduction. It is likely that Y. pestis evolved 
from Y. pseudotuberculosis by undergoing chromosomal degeneration by eliminating genes 
no longer needed to survive outside of its insect or mammalian hosts. 
In the Y. pestis chromosome, a 102-kb region called the pgm locus can be divided into 
two functionally and physically distinct parts (42). One carries the hemin storage (hms) 
locus, which confers a pigmented phenotype on colonies grown on Congo Red agar plates 
and enhances transmission of the microorganism by its flea vector. The Hms system is not 
required for the virulence of bubonic plague in mammals (66). Yersinia pestis contains only 
32 chromosomal genes that do not have identical or highly similar orthologs in Y. 
pseudotuberculosis, and the nucleotide sequences of the hms genes are identical in the two 
species (28, 79). The other region carries the high pathogenicity island (HPI) virulence 
factors required for full virulence in mice infected by peripheral routes (26). This region 
encodes a siderophore-dependent iron transport system yersiniabactin (Ytb) and is called the 
iron acquisition segment, which is fundamental to the success of plague pathogenesis (26). 
This HPI distinguishes Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica biotype 1B 
from Y. enterocolitica biotypes 2 to 5 (26). 
It is thought that most Y. pestis virulence factors were directly inherited from Y. 
pseudotuberculosis, although Y. pestis has acquired several unique virulence factors during 
its recent evolution from Y. pseudotuberculosis (79). For example, in addition to an 
approximately 70 kb virulence plasmid pCD1 or pYV that is shared between the three 
pathogenic Yersiniae, Y. pestis harbors two unique plasmids (pMT1 and pPCP1) that encode 
a number of virulence determinants. Thus the pathogenicity of Y. pestis seems to be 
determined by the three virulence plasmids. 
The pathogenicity of Y. pestis depends on its ability to evade the defenses of its 
mammalian hosts. This ability is depend on the common pCD1 plasmid encoding the 
majority of the known virulence factors: 12 Yersinia Outer membrane Proteins (Yops), 29 
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Yop secreted proteins (Ysc), a few specific Yop chaperones (Syc), one low calcium response 
protein LcrV, and a type III secretion system (T3SS) (13).  
The pMT (murine toxin) or pFra plasmid encodes two potential virulence determinants 
that are unique to Y. pestis: a capsular protein F1 and a murine toxin, Ymt. It was reported 
that plasmid pHCM2 is closely related to pFra (but lacking ymt and the caf operon) in the 
exclusively human pathogen Salmonella enterica serovar Typhi (83). Yersinia 
pseudotuberculosis is transmitted by the oral route and is neither spread by fleas nor by 
aerosols. Thus transmission by fleabite is a recent evolutionary adaptation that distinguishes 
Y. pestis from Y. pseudotuberculosis and all other enteric bacteria.  
The 9.5 kb pPCP (pesticin, coagulase, plasminogen activator) or pPst plasmid encodes 
the outer membrane protein plasminogen activator (Pla). Pla is a central virulence factor in 
subcutaneous plague. Pla is a protease that interferes with blood coagulation and complement 
activation pathways. Pla is required for blockage of the digestive tract of fleas and the 
dissemination of the bacteria from the site of the fleabite. Pla is also utilized to degrade 
undelivered Yops.  
Pathogenesis 
Life in the macrophage 
Yersinia pestis is a facultative intracellular pathogen that can replicate in macrophages 
and non-phagocytic cells in vitro (60, 97). The ability to survive and replicate in 
macrophages is conserved in Y. pestis and Y. pseudotuberculosis (85). Based on this, it was 
proposed that the ability to replicate in macrophages evolved first in Y. pseudotuberculosis, 
and this trait was passed on to Y. pestis (85). 
PhoP/Q, a two-component regulatory system that controls LPS modification, may be 
required for survival of Y. pestis within the mammalian hosts or flea vectors (59). Yersinia 
pestis uses the products from phoP-regulated genes to survive in macrophages and 
phagosomes under low pH and oxidative stress condition in vitro (78). 
Yersinia pestis survives and replicates in a phagosome that undergoes fusion with late 
endosomes or lysosomes to form spacious phagolysosomes for at least the first 8 hours post 
infection. This has been shown by the presence of lysosome associated membrane 
glycoprotein 1 (LAMP1) or cathepsin D in these cellular compartments (42). The phagosome 
initially forms tightly around the bacterium, but at around 8 hours post-infection, it begins to 
enlarge, and the formation of spacious phagosomes is associated with the start of bacterial 
replication (50). 
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Virulence factors 
Virulence factors are the gene products required for pathogenesis in the mammal host. 
The virulence of the pathogenic Yersinia species depends on a plasmid-encoded type III 
secretion system that transfers six Yop effector proteins into host cells. Virulent strains of Y. 
pestis also require calcium for growth at 37°C. The virulence associated factors of Y. pestis 
include Ymt, Pla, F1 antigen, LcrV, pH 5 antigen, pH 6 antigen, Yops, YadBC, 
lipopolysaccharide and murein lipoprotein Lpp (8). 
Capsular antigen fraction 1, CaF1, or F1, a 15.5 kDa protein encoded on the 100 kb 
plasmid pMT1, is an abundant cell-surface antigen that forms a capsule-like structure on the 
Y. pestis cell surface at 37°C (103). The F1 capsular protein is unique to Y. pestis and is 
thought to help provide Y. pestis with the ability to avoid recognition by innate immune cells; 
however, this activity is an important but non-essential virulence factor (37). Although rare, 
nonencapsulated F1- Y. pestis strains have been isolated from a number of different host 
species and from a human infection. Thus, F1 is not a requirement for virulence. 
The virulence factor V antigen or LcrV is a 37 kDa protein encoded within the lcrGVH-
yopBD operon in plasmid pCD1 and was reported to bind to LcrG, LcrH (SycD in Y. 
enterocolitica), TLR2, and YscF. LcrV is secreted by the type III secretion system that, like 
F1, is expressed at body temperature and, unlike F1, is a key virulence factor. In addition, 
LcrV is expressed on the Y. pestis cell surface before the establishment of bacteria target cell 
contact. LcrV localizes to the tip of the T3SS needles and is secreted into the extracellular 
fluid (75). LcrV has been suggested to mediate a suppressive effect upon Th1 and Th2 
immune cells via the stimulation of interleukin-10, a powerful anti-inflammatory cytokine 
(24, 46). This likely dampens innate and adaptive immune responses, but is thought to play a 
minor role in virulence (88). Large amounts of LcrV circulating in the blood of mice are 
capable of suppressing immune responses to some bacterial pathogens, raising concerns that 
LcrV may be immune-suppressive when used as a vaccine (77). This concern is substantiated 
by the clinical application report shows that an immunomodulatory region of LcrV can 
suppress mucosal immunity (48). V10, a derivative of LcrV, lacks 30 amino acids present in 
LcrV, activates a weak Th1 response and produces antibodies that recognize epitopes not 
observed in LcrV sera (4). 
The pH 5 antigen, KatY, encoded on the chromosome, is a typical catalase –peroxidase, 
is produced in abundance, and is shared by Y. pseudotuberculosis, but not Y. enterocolitica 
(48).  
 11  
The pH 6 antigen, PsaA, also called the adhesion pili, is a fimbrial adhesin that is 
expressed by Y. pestis and Y. pseudotuberculosis when these bacteria are grown at 37°C (50). 
The pH 6 antigen is encoded by the psa operon expressed by Y. pestis in macrophage 
phagosomes (68). Two regulatory genes, psaE and psaF, are responsible for transcription 
regulation at 37°C and acidic pH values around 5.8–6.0 (67). Recently, it was shown that in 
human plasma, psaE and psaF are up-regulated, suggesting a role for the pH 6 antigen in 
septicemic plague (29). It was also shown that the loss of production of the pH 6 antigen did 
not influence Y. pestis virulence in the case of subcutaneous challenge of naive and immune 
mice, suggesting that the pH 6 antigen cannot be used as a molecular target for plague 
prophylaxis and therapy (8). 
Plasminogen activator (Pla) encoded by the pPCP1 plasmid is a surface virulence factor 
has a highly invasive nature to invade non-phagocytic epithelial cells.  
YopH is a 51-kD tyrosine phosphatase that is essential for virulence of Y. pestis (19). 
YopH impairs T and B lymphocyte function at very early stages preventing a successful 
adaptive immune response, which is crucial for the survival of the bacteria in the lymph 
nodes of the infected host (106). 
Temperature dependent response 
Temperature is a key environmental factor for facultative pathogens during the host 
adaptation response. A shift from ambient temperature to 37°C (mammalian host 
temperature) results in major phenotypic changes involving a variety of genes undergoing 
repression, such as motility, and substrate utilization.  
In order to maintain its life cycle, Y. pestis must adapt to broad temperature changes in 
the environment. Yersinia pestis and closely related enteropathogenic Y. pseudotuberculosis 
and Y. enterocolitica are noted for their ability to express temperature-dependent proteins at 
37°C, but not 26°C. Many of these activities are encoded by pCD1 (pYV in the 
enteropathogenic Yersiniae) plasmid. In addition, F1, pH 6 antigen, and KatY have been 
identified as temperature-dependent proteins (48). F1 capsule production is strongly 
influenced by temperature, little or no capsule is detected at less than 35°C in vitro or in the 
flea vector, an ambient-temperature environment. The adsorption of hemin or CR is also 
temperature dependent. hms confers a pigmentation phenotype at 26°C but not at 37°C (27, 
98). It has been reported that HmsH, HmsR and HmsT are degraded upon a temperature shift 
from 26°C to 37°C (62). In a microarray analysis, hundreds of genes are found to be up-
regulated or down-regulated by temperature shifts (54). The LPS structure is related to 
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virulence and the LPS structure variations of Y. pestis are found to depend on the growth 
temperature (64).  
Low calcium response 
Yersinia pestis has a virulence phenotype called the low Ca2+ response, or Lcr, that 
confers the bacteria with a temperature-dependent nutritional requirement in vitro for Ca2+ at 
37°C (24). The low calcium response is common to the three species of Yersinia and is 
mediated by Lcr plasmid pCD1/pYV. Spontaneous loss of pCD1 results in complete 
avirulence of the bacteria (24). If Ca2+ is present, vegetative growth occurs at 37°C and the 
organisms down-regulate yersinial outer proteins (Yops) and LcrV (24). If Ca2+ is absent 
from the medium in vitro, the organisms up-regulate the T3SS and cease multiplication (23). 
Evidence indicates that Ca2+ dependence is essential for virulence (81). The full-scale growth 
of bacteria can still occur at mildly acidic pH and when Na+ is absent from the medium (23). 
Secretion systems 
Yersinia pestis and Y. enterocolitica have two T3SSs, while Y. pseudotuberculosis has 
only one T3SS encoded on virulence plasmid (44, 53). The plasmid-encoded T3SS is 
required for virulence of all three pathogenic Yersinia species. Yersinia T3SS is up-regulated 
by environmental factors that are closely related to their lifecycle, such as a shift in 
temperature from 26°C to 37°C, the absence of calcium, and contact with a host cell (22). 
When Yersinia attach to a host cell, the T3SS is capable of injecting cytotoxic Yops directly 
into the host cell cytoplasm and secreting the immunomodulator LcrV directly into 
extracellular fluids to modulate host cellular immune responses (30, 32).  
The Ysc T3SS of Y. pestis, which consists of more than 20 proteins, is composed of six 
microinjected anti-host effector Yops, including YopH, YopM, YopO, YopE, YopJ and 
YopT, which are translocated into the cytoplasm of eukaryotic cells, the nonfimbrial Yersinia 
adhesin YadA, and two chaperones SycE and SycT. A number of Yops that mediate the 
delivery of the effector molecules into eukaryotic cells or that are involved in the regulation 
of the T3SS system and secretion machinery (Ysc), also called the Ysc injectisome, are also 
included. The Ysc injectisome consists of a protein pump that spans the peptidoglycan layer 
and the two bacterial membranes and ends in a stiff needle-like structure protruding from the 
bacterium (31, 91). Once Y. pestis has invaded the host, T3SS proteins play a major role in 
disrupting the host defense by enhancing the ability of the pathogen to avoid recognition and 
destruction by phagocytic cells, suppress the production of proinflammatory cytokines and 
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chemokines, inhibit the activation of the adaptive immune response and cause apoptosis (65-
67).  
There is another chromosomal encoded T3SS whose function has yet to be identified in 
Y. pestis (9, 107). The putative T3SS is more closely related to the Salmonella enterica 
serovar SPI-2 Ssa system than to the Y. pestis Ysc or Y. enterocolitica Ysa (Yersinia 
secretion apparatus) system, suggesting this locus might have been acquired through 
horizontal gene transfer. This putative T3SS appears to be nonfunctional in the KIM strain 
due to a frame shift mutation in the SsaJ lipoprotein homolog, but it is intact in CO92 (35), 
thus the function of this putative T3SS needs further investigation.  
Because plague has diverse vectors and hosts, the organism might utilize additional 
secretion pathways for host invasion during plague infection (101). The type I secretion 
machinery (T1SS) is a cell-envelope spanning complex formed by three integral membrane 
proteins: an inner membrane ATP-binding cassette (ABC) protein that powers the transport 
of substrates by ATP hydrolysis; a TolC-like outer membrane export protein; and a 
membrane fusion protein (MFP) linking the inner membrane and outer membrane 
components. The presence of 4 ABC–MFP pairs but only 3 TolC components in Y. pestis 
KIM suggests that there are more than one type I substrate secreted by this organism (107). 
KIM has an intact Sec system, components of a signal recognition particle, and components 
that could specify a twin arginine transfer mechanism for secretion of folded proteins with 
redox cofactors (35). Both CO92 and KIM have nearly complete type II secretion systems 
(T2SS) with additional GspM homologs (35). It has also been reported that some Y. 
pseudotuberculosis strains carry a plasmid encoding a putative type IV secretion system 
(T4SS), but T4SS could not be found in Y. pestis KIM (107). Yersinia pestis has six 
dispersed type VI secretion system (T6SS) loci that contain hcp (haemolysin-coregulated 
protein), vgrG (valine–glycine-repeat protein G), icmF, and clpV genes (86). Genomic 
analysis suggested that the potential T6SS loci are also present in Y. pseudotuberculosis 
genomes (18).  
Biofilms in flea midgut 
A biofilm is a dense aggregate of microorganisms embedded by an extracellular matrix 
(ECM) and usually attached to a surface (99). Yersinia pestis can multiply in the lumen of the 
flea gut and form biofilms to produce a transmissible infection. A biofilm is highly resistant 
to flushing with fluids, that’s why the Y. pestis is not dislodged from the flea gut biofilm by 
the pumping and threshing action of the insect’s digestive system (57). It has been suggested 
 14  
that Y. pestis biofilms induce starvation of fleas by blocking their digestive tracts. A single 
infected and unblocked X. cheopis can infect a susceptible host as early as 1 day post 
infection (38). 
It was reported that high frequency horizontal gene transfer can occur between unrelated 
co-infecting bacteria in biofilms that form in the flea gut (58). Yersinia pestis hemin storage 
(hms) genes are responsible for production of the extracellular material at growth 
temperatures of ≤ 26°C. Three operons, hmsHFRS, hmsT, and hmsP, are involved in Y. pestis 
biofilm formation, which is essential for blockage dependent transmission of plague from 
fleas to mammals (62). Yersinia pestis and its direct ancestor, Y. pseudotuberculosis, also 
produce biofilm-like growth on the external mouthparts of Caenorhabditis elegans 
nematodes, and this phenotype also is dependent on the hms genes (34, 61). Ymt promotes Y. 
pestis survival in the flea and expression of Ymt in two different strains of Y. 
pseudotuberculosis can increase their survival in fleas. However, Y. pseudotuberculosis 
cannot form biofilms in the proventriculus of the flea (39).  
Quorum sensing 
Quorum sensing (QS) is cell-to-cell communication by small signaling autoinducers (AI). 
Bacteria can adjust their gene expression through these extracellular signal molecules. Gram-
negative bacteria predominantly use two types of QS systems, one is LuxI-LuxR, responsible 
for synthesis of N-acylhomoserine lactones (AHL or AI-1 signal molecule), and the other is 
AI-2/LuxS, which makes furanones (AI-2 signal molecule). The AHL acyl chain can vary in 
length and degree of substitution depending upon the species. N-acylhomoserine lactones are 
usually employed as signals to control cell density during the growth of Gram-negative 
bacteria (102). Yersinia pestis has three functional QS systems: two LuxI-LuxR (YspIR and 
YpeIR) and one LuxS (17). From studies by Bobrov et al. (17), Y. pestis produces four 
diffusible extracellular signals: N-hexanoyl homoserine lactone, N-(3-oxohexanoyl)-
homoserine lactone, N-octanoyl homoserine lactone and N-(3-oxooctanoyl)-homoserine 
lactone. The yspI locus produces N-hexanoyl homoserine lactone, N-(3-oxohexanoyl)-
homoserine lactone and N-octanoyl homoserine lactone. The ypeI locus produces N-(3-
oxohexanoyl)-homoserine lactone (17). Confocal laser scanning microscopy showed that 
biofilm formation is decreased in an yspIR ypeIR luxS triple mutant (17). When C8 or oxo-C8 
QS signals are added to Y. pestis cultures, AHLs can significantly down-regulate LcrV 
expression and production (49). In a related species, Y. pseudotuberculosis, QS regulates 
flagellar motility and other functions essential to enteric infection process (11). Yersinia 
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pestis is a non-motile, yet has two conserved, intact QS genes, suggesting that QS regulates 
different functions in this species that remain to be identified. Previous work suggests that 
QS is not involved in mouse virulence or in the ability to colonize and block fleas for short 
durations, so the function, if any, QS serves for Y. pestis remains a mystery.  
Vaccines 
At present, there are no safe and effective vaccines that can induce long-lived immunity 
and prevent the pneumonic form of the disease. A formalin-inactivated whole cell bacterin of 
the highly virulent 195/P strain of Y. pestis, USP (Cutter Biological), was licensed against 
plague and used previously in the United States (73). However, this vaccine caused several 
serious side-effects, raised significant safety concerns and failed to protect animal models 
against the pneumonic form of the disease (90). 
There are many new live attenuated plague vaccines under-development. For example, an 
in-frame deletion of the yopH gene in Y. pestis CO92 attenuates virulence in both bubonic 
and pneumonic plague models. When it was used as a live, attenuated vaccine, it provides a 
high degree of protection from parental and respiratory challenge with Y. pestis CO92 (25).  
The majority of the adverse reactions of live attenuated plague vaccines are thought to be 
mediated by the endotoxic activity of the Y. pestis LPS (81). The Y. pestis EV ΔlpxM mutant 
synthesizes a less toxic penta-acylated LPS while the parental strains produces the more toxic 
hexa-acylated LPS under the same growth conditions (10). The lpxM mutant could be an 
improved candidate vaccine leading to the development of a new generation of more 
effective and less toxic live plague vaccines. 
Both whole cell killed and live attenuated plague vaccines are efficacious to a degree 
(72). However, due to the serious side effects of whole-cell preparations, vaccine 
development has shifted toward purified subunits (95). It is now widely accepted that current 
vaccines do not stimulate the host to mount an adequate innate immune response (56). Thus, 
modern plague vaccine researchers are focused on targeting Y. pestis virulence factors that 
can impair the host’s innate immunity. 
Current vaccine development strategies focus on a subunit approach using two major 
candidates, the outer capsule protein F1 and the low calcium response protein LcrV. F1 is 
thought to help provide Y. pestis with the ability to avoid recognition by innate immune cells; 
however, this activity is not essential for virulence (37). F1 elicits the dominant immune 
response to whole cell vaccines in humans, and this response provides a high level of 
protection from bubonic plague but is significantly less effective against pneumonic plague 
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(87). Similarly, mice vaccinated with F1 as a single subunit vaccine can be protected from 
bubonic plague but less protected from pneumonic plague (6). Protection from pneumonic 
plague requires additional anti-bacterial activities that are not prevented by neutralizing F1 
antibodies (14). In addition, vaccines that are based solely on F1 antigen will likely be 
ineffective against Y. pestis non-encapsulated F1-mutants that arise either spontaneously or 
through genetic engineering (45).  
LcrV was chosen as a target because it is positioned on the surface of bacteria engaged 
with cells of the innate immune system; it is an essential virulence factor; and it is secreted, 
soluble and hydrophilic. LcrV-based sub-unit vaccines confer protection against both 
encapsulated F1+ and nonencapsulated F1– Y. pestis strains (5). New candidate plague 
vaccines contain a single recombinant F1-V fusion protein or a combination of these two 
proteins as active ingredients (55, 104). While these vaccines have shown effectiveness in 
protecting mice against Y. pestis infections, they have not been shown efficacious in humans 
as yet.  
The outer membrane of Gram-negative bacteria contains surface-exposed outer 
membrane proteins that might be good targets for vaccines. Some of these proteins play a 
role in invasion, adherence and ability to evade humoral and cellular defense mechanisms 
(43). It is reported that Y. pestis outer membrane proteins are associated with survival and 
growth in vivo (82). Recently, several outer membrane proteins in Y. pestis were identified 
that could be developed into subunit vaccines. One of the targets is the ABC transporter 
protein OppA, which can provide protection against Y. pestis infection in a mouse model 
(100).  
Yersinia pestis must survive or multiply in blood to be transmitted between its insect 
vector and mammalian hosts for maintaining the enzootic transmission cycle. Thus resistance 
to serum is probably required for survival in both hosts. The Ail outer membrane protein, 
which is essential for Y. pestis to resist complement-mediated killing at 26°C and 37°C (40), 
might be a new vaccine target.  
YapC, a putative Y. pestis autotransporter surface protein, shows strong homology to the 
enterotoxigenic Escherichia coli (ETEC) adhesin TibA. YapC can mediate cell adhesion to 
human HEp-2 cells and mouse RAW264.7 macrophages, can lead to autoaggregation, and 
can facilitate biofilm formation (41, 76). Each of these activities are thought to play 
important roles in the efficiency of establishing an infection or overcoming the host innate 
immune response (76). 
Some proteins in secretion systems can provide protection. Research shows that 
vaccination of mice with recombinant YscF, the subunit of the polymeric T3SS needle, has 
 17  
been shown to confer protection against Y. pestis infection (70). Vaccination with YopD was 
found to provide significant protection against F1– Y. pestis, but not wild-type encapsulated 
F1+ bacteria (7). It is hypothesized that the failure of YopD vaccination to protect against 
encapsulated bacteria may result from the F1 protein blocking access of antibodies to 
secreted YopD at the bacterial surface (7). YscW, a lipoprotein formerly designated VirG, is 
a component of the Ysc injectisome and may be a virulence factor in Y. pestis. It may 
mediate its effects through disruption of the primary functions of host macrophages (15). 
YscW was found to induce a strong antibody response during immunization, indicating that it 
should be further evaluated as a vaccine and diagnostic antigen candidate (15, 65). 
Important advances have been made recently in understanding the mechanisms 
responsible for the induction of mucosal immune responses. It is well recognized that 
intramuscular injection of vaccine antigens usually fails to induce mucosal immunity. 
Investigations in numerous laboratories have proven that antigen delivery to the inductive 
sites of the gastrointestinal or respiratory tracts is necessary for the induction of mucosal 
immunity. However, it has been difficult to deliver vaccines to the mucosal surfaces. 
Protection of antigens against enzymatic degradation and enhancing uptake by specialized 
cells in the mucosal inductive sites are important factors to consider when designing 
strategies for the induction of mucosal immunity. One possible way to enhance mucosal 
immune responses is through liposome delivery as controlled release vehicles of entrapped 
antigen (51). It was shown recently that B-type CpG oligodeoxynucleotides (ODNs), an 
immune modulator, can also augment the immune response to the plague F1-V vaccine in 
single-dose and prime-boost studies (3). 
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Abstract 
The etiologic agent of bubonic plague, Yersinia pestis, senses cell density-dependent 
chemical signals in a process named quorum sensing. Though the closely related enteric 
pathogen Y. pseudotuberculosis uses quorum sensing system to regulate motility, the role of 
quorum sensing in Y. pestis has been unclear. In this study we performed transcriptional 
profiling experiments to identify Y. pestis quorum sensing regulated functions. Our analysis 
revealed that acyl-homoserine lactone based quorum sensing controls the expression of 
several metabolic functions. Maltose fermentation and the glyoxylate bypass are induced by 
acyl homoserine lactone signaling. This effect was seen to be temperature conditional. 
Metabolism is unresponsive to quorum sensing regulation at mammalian body temperature, 
indicating a potential role for quorum sensing regulation of metabolism specifically during 
colonization of the flea vector. It is proposed that utilization of alternative carbon sources 
may enhance growth and/or survival during prolonged flea colonization, contributing to 
maintenance of plague in nature. 
Introduction 
Plague, or the Black Death, has killed over two hundred million people and remains the 
most devastating epidemic bacterial disease. Plague, caused by Yersinia pestis, is a zoonotic 
disease primarily spread between mammals by fleas. When a flea bites an infected rodent, Y. 
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pestis is ingested with the blood meal. After a period of growth in the flea gut, transmission 
from the flea results from colonization of the proventricular valve, impairing valve function 
and allowing backflow of infectious blood into subsequently bit mammals. Yersinia pestis 
differentiated 1,500 to 20,000 years from Y. pseudotuberculosis (1), which causes mild 
enteritis in humans. With astonishingly few genetic changes, Y. pestis gained a dramatically 
enhanced ability to induce mortality in mammalian hosts, and it acquired the ability to 
colonize an additional host, the flea. Thus, as a parasite of both mammals and fleas, it has 
adapted to grow in two very different environments. 
Pathogens exploit the host as a growth medium, and nutrient availability can affect tissue 
tropism, the duration of infections, and the expression of virulence factors (5). During the 
evolution of Y. pestis, there probably has been a strong selective pressure to efficiently utilize 
the carbon and energy sources present in blood meals, since the flea is a closed environment 
that could rapidly become nutritionally limiting. Fleas are a long-term reservoir for Y. pestis 
and can remain infected for periods longer than a year (14). The feeding frequency and the 
nutritional quality of each blood meal can both influence growth, and ultimately, the long-
term viability of Y. pestis (9). In the model of early phase transmission, Y. pestis may be 
fittest when it grows quickly on readily metabolized substrates (10), though complete 
catabolization of the blood meal leading to flea starvation could prevent transmission because 
of the high fitness cost to the flea (11).  
Quorum sensing (QS) is a process by which bacteria can coordinately regulate gene 
expression in response to the sensing of diffusible chemical signals. There are several 
different types of signaling systems, including autoinducer-2 (AI-2), which is widely 
conserved among a diverse phylogenetic range of bacterial species and involves the sensing 
of furanosyl ester signals, and acyl-homoserine lactone (AHL) QS. In AHL QS, which is 
primarily found in the Gram negative Proteobaceteria, the AHL acyl chain can vary in length 
and degree of substitution depending upon the species. In a related species, Y. 
pseudotuberculosis, QS regulates flagellar motility and other functions essential to enteric 
infection (2, 3, 27). Yersinia pestis is amotile however (8), yet has two conserved, intact QS 
genes, suggesting that QS regulates distinct functions in this species. Previous work suggests 
that QS is not involved in mouse virulence or the ability to colonize and block fleas for short 
durations (20), so the function, if any, QS serves for Y. pestis remains a mystery.  
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This study utilized a transcriptional profiling approach to identify QS-regulated 
functions. Quorum sensing was found to control expression of genes involved in the 
catabolism of alternative carbon sources. Regulation of these functions occurred in a 
temperature dependent manner, suggesting a role for QS in carbon utilization during 
prolonged colonization of the flea vector in a manner that may maximize bacterial growth 
and long-term survival leading to maintenance in the wild. 
Materials and Methods 
Bacterial strains, plasmids, and media. All bacterial strains used in this study are listed 
in Table 2.1. Cultures of Yersinia were routinely grown in Heart Infusion Broth (HIB) at 
30°C with aeration or on plates containing 1% HIB, 2% Agar, 0.01% Congo Red, and 0.2% 
galactose (36).  
Table 2.1. Strains and plasmids 
Name Description Source 
R88 Y. pestis CO92 ∆pgm pCD+ pMT1+ pPCP+ R. Perry 
R109 Y. pestis CO92 ∆pgm pCD+ pMT1+ pPCP+ ∆ypeIR R. Perry 
R114 Y. pestis CO92 ∆pgm pCD+ pMT1+ pPCP+ ∆ypeIR ∆yspIR R. Perry 
R115 Y. pestis CO92 ∆pgm pCD+ pMT1+ pPCP+ ∆ypeIR ∆yspIR, 
luxS::Kan 
R. Perry 
ISM1980  Y. pestis CO92 ∆pgm pCD+ pMT1+ pPCP+ luxS::Kan G. Phillips 
Y. pstb Y. pseudotuberculosis IP32953 C. Collins 
MM32 Vibrio harveyi ∆luxN ∆luxS M. Parsek 
pLuxS Y. pestis CO92 luxS cloned into pTrc99a MCS This study 
pYspIR Y. pestis CO92 yspIR regulon cloned into pTrc99a MCS This study 
pYpeIR Y. pestis CO92 ypeIR regulon into pTrc99a MCS This study 
Bioassay for AI-2 Production. Production of AI-2 by Yersinia sp. was assayed with a 
Vibrio harveyi bioreporter that is luminescent proportional to exogenous AI-2 levels. The 
procedure used was similar to previous assays (35). 
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AHL Detection. The base media for AHL assays was Thoroughly Modified Higachi’s 
(TMH) media (34). The methionine concentration was lowered to 100 µM, making 
methionine limiting late during growth (data not shown), and allowing rapid incorporation of 
the radiolabel. Cultures were grown in 5 ml of methionine-modified TMH at 30°C with 
shaking to an OD600 of 1.6. Labeling and identification of AHLs was essentially as 
previously (30). Labeled AHLs were produced during an 1.5 h incubation after the addition 
of 5 µCi of [carboxy-14C]-methionine (American Radiochemical). Supernatants were taken 
off cell pellets and organics were extracted with acidified ethyl acetate, and samples were 
dried under N2 gas. The extracts were finally eluted in 200 µl of 50% methanol and separated 
on a C18 reversed-phase column over a 10%-100% methanol gradient by high-performance 
liquid chromatography (HPLC). Seventy 1-ml fractions were collected, to which 4 ml of 
scintillation cocktail 3a70B (Research Products) was added, and radioactivity was 
determined by scintillation counting. AHL peaks were identified by comparison to internal 
controls. 
Microarray studies. Microarray studies were performed by comparing strains R88 and 
R114 grown at a mid logarithmic phase. An overnight culture was diluted 1:100 and grown 
for 9 h at 30°C in BHI broth at which time an optical density 600 nm of 1.0 is reached. At 
this optical density, the cells are in full quorum sensing mode (Fig. 2.1). Cells were pelleted 
and immediately resuspended in 1 ml of Trizol (Ambion) and were then frozen. RNA was 
extracted from frozen cell pellets using the Trizol reagent protocol. The RNA was treated 
with DNase I (Ambion) at 37°C for 30 min to remove contaminating genomic DNA. The 
RNA was purified and concentrated by Microcon Ultracel/YM 30. Target generation was 
performed as described (6).  
Corresponding equal amounts (1.5 µg) of Alexa 555- or Alexa 647-labelled cDNA 
targets were mixed and dried using a Thermo Scientific Savant DNA SpeedVac 
Concentrator. Targets were suspended in 60 µl hybridization buffer (40% formamide, 5x 
SSC, 0.1% SDS, 0.6 µg/µl Salmon Sperm DNA), incubated at 95°C for 5 min, centrifuged 
(10,000 x g, 4 min), and kept at room temperature until placed in a hybridization chamber. 
Hybridization lasted for 16 h at 42°C and washed in a series of wash buffers (2x saline-
sodium citrate (SSC) - 0.1% SDS; 0.1x SSC – 0.1% SDS, and 0.1x SSC) and dried by 
centrifugation at 1500 x g for 30 s. 
Six independent RNA samples from Y. pestis CO92 R114 AHL deficient cultures were 
paired with six independent RNA samples from control Y. pestis CO92 R88 cultures for 
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hybridization to six two-color microarrays. The microarrays consisted of the same 
oligonucleotide set previously described (22) printed to Corning epoxide slides. For three 
arrays, the control RNA sample was labeled with Alexa 555 dye and the experimental RNA 
sample was labeled with Alexa 647 dye; the dyes were reversed for the other three arrays to 
account for any dye bias. Data acquisition, normalization and data analysis have been 
described (6). The microarray data can be accessed from the Gene Expression Omnibus 
(GEO) using series accession number GSE29240 (http://www.ncbi.nlm.nih.gov/geo/). 
qRT-PCR. Significant transcriptional differences demonstrated by the microarrays 
between the treatment and control cultures were verified by qRT-PCR. Eight up-regulated 
genes in R88 (aceA, galT, mglABC, malE, lamB, katY) were chosen for confirmation based 
on the magnitude of transcriptional change. The gene leuB was used as a control for the RT 
reactions because it did not show significant changes in this study. The qRT-PCR was 
performed by using the SensiMix™  SYBR No-Rox One-Step kits (Bioline) following the 
manufacturer's protocol. Cycling was performed on the Mx3005P (Stratagene). Data were 
analyzed according to Gallup & Ackermann (15). The primers used are described in Table 
2.2. 
For analysis of effects of QS mutations on key metabolic genes, qRT-PCR was 
performed as follows. cDNA was amplified from purified RNA using random primers, as per 
the manufacturer’s protocol (Im-Prom II reverse transcription system, Promega). Specific 
transcripts were verified with PCR primers design by Primer3 and ordered from Operon 
(Table 2.1). Data is expressed as the Log2 of transcript differences between each mutant and 
that of WT, normalized to the 16S rRNA of each sample. 
Determination of Growth Rates. Growth rates for the utilization of a substrate as a 
carbon and energy source was determined in modified TMH, with gluconate removed as a 
carbon and energy source (16). To require greater stringency on single carbon source 
utilization, the media was additionally modified to remove non-essential amino acids. 
Isoleucine, valine, phenylalanine, methionine, and glycine were added to concentrations used 
previously (31). The HEPES concentration was increased to 50 mM, and media buffering 
capacity was increased by the addition of 100 mM PIPES. To this base media, maltose, 
acetate, galactose, glucose, sucrose, gluconate, succinate or citrate were added to 0.2% and 
the pH adjusted to 7.4. Growth was measured using a Bioscreen C microplate reader (MTX 
LabSystems, Inc). 
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Table 2.2. Primers 
  
Gene Forward (5' → 3') Reverse (5' → 3') 
Microarray experiments  
aceA AGATGTCTTGGGTGTACCAACGCT AGCAGTACGGTCGCCGGTAATAAA 
galT CAATCGCCCATGCTGCTGGATTAT TAAGGCACTACCGCTAGCCAATGT 
mglA TTCTGCGGGATGGTCAGTGGATTA AGAGAGCGACCGACCATCATTGAA 
mglB TTGGCAAGCTAATCCAGAGTGGGA ATCTGGATGACCCGGTTCACCTTT 
mglC GTCGCGGGTTTGATTGTTACCCAA AGGCAGACAACGAGAATGACCACT 
lamB ATCTGGGCCGGTAAGCGTTTCTAT TCGATAGTTTCAAGACCGGCACCT 
malE ACCGTACTTCACTTGGCCCGTTAT TACGCCCACGTTCTTCGCATCATA 
katY ACCGATGTCAGTTCTTTCGCGGTA TCAGGCACGGTCAGTTCCAGTTTA 
leuB ACCCTTCCCAATTTGACGTGTTGC TCTGAGCGATAGGGTTGGCAATGT 
 
qRT-PCR experiments 
 
aceA GGTGTGAAACCTCGACACCT TACCCGCCAGCGTAATAAAC 
aceB CCGCGAACAGGATAAACCTA GTCACCGTCTGGCCATTACT 
aceK CAGACCATTTTGCAGGGATT TGGCGTTGATCCGTAATGTA 
malT TGACCTTAGCCAACCGTACC AGTTCGGGAACTTGTGGATG 
malE GGCGGTTATGCATTCAAGTT CATCGCGGTTTCACCTTTAT 
malK TTGGTCGTACCTTGGTCTCC TTGGTCATGGGTGACGTAGA 
16S CAGCCACACTGGAACTGAGA GTTAGCCGGTGCTTCTTCTG 
katY ATCGGACCTGATTGTTCTGG CAATCAACGACGCGATAGG 
luxS CGTGTCGCTAAGACGATGAA CAACACCATCACCATTGAGG 
ytbI GTGCCAAGTTGCTTTTTGGT GTGCTTGATTGTCCCGATCT 
ypeI GGTCAATTACGCCAGAAACC GCCAGCTTGCAAGTGTATGA 
yspIR* tttGGTACCtccgttttagttccaaacaatt tttTCTAGAtccggcactcatcatcaaaaat 
ypeIR* tttGGTACCccggctaataaaaaacgatatc tttTCTAGAggccattcgccaagggtgatta 
* Forward primers have KpnI sequence (capitalized); Reverse primers have an XbaI site 
(capitalized). 
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Differentiation between Oxidative and Fermentative Metabolism. Assays were 
carried out similarly to standard methods (19). The medium contained 0.2% peptone, 0.1% 
yeast extract, 0.5% sodium chloride, 0.03% dibasic potassium phosphate, 0.3% agar, and 
0.001% Congo red. After autoclaving, filter sterilized carbohydrates were added to 1% from 
stock solutions. Sterile borosilicate culture tubes were filled with 5 ml of media and 
subsequently allowed to solidify. Cultures were inoculated by stabbing fermentative tubes, 
which were then covered with 1 ml of sterile, melted petroleum jelly. 
 
Results 
Y. pestis CO92 produces both AHL and AI-2 QS signals. Bioreporter and thin-layer 
chromatography experiments have previously identified AI-2 signaling and synthesis of 3-
oxo-C6-, C6-, and C8- AHL signaling molecules for a Medievalias biovar of Y. pestis (4). To 
determine if CO92, an isolate of the North American-endemic biovar Orientalis produces 
similar signals, a radiolabeling assay was employed using a ∆pgm mutant of CO92 (Fig. 
2.1A) (30). The three major peaks eluted in fractions 11-12, 30 and 45, correspond to 3-oxo 
C6, C6 and C8 AHLs, respectively. This supports previously published work that 
demonstrated these three compounds as primary AHL signals in Y. pestis. As expected, these 
three peaks were absent in R115, the QS null strain. To demonstrate that AI-2 signaling is 
also intact in the R88 background, culture supernatants were added to a Vibrio harveyi 
bioreporter assay responsive to exogenous AI-2 (35). AI-2 dependent bioluminescence 
indicative of AI-2 production was observed in strain R88, but not in ISM1980, the isogenic 
luxS mutant strain. This was observed to occur in a temperature-independent manner (Fig. 
2.1B).  
Y. pestis uses AHL-based quorum sensing to regulate genes involved in catabolism of 
suboptimal carbon sources. The presence of an intact AHL QS system suggested Y. pestis 
has AHL regulated functions. To gain insight into the role of AHL QS in Y. pestis, we 
performed transcriptional profiling experiments to identify quorum sensing regulated genes. 
Transcript levels were compared in the ∆pgm strain R88 and R114, a AHL-null strain, during 
the logarithmic phase of growth at 30°C in HIB. A total of 335 genes were found to be 
differentially expressed at least 1.5-fold in Y. pestis using cutoff values p < 0.01 and q < 0.03. 
Positively-regulated genes controlled by AHL signaling included those involved in the 
galactose and maltose metabolic pathways, the katY-encoded catalase, and the glyoxylate 
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bypass pathway (Table 2.3). The remaining significant up- or down-regulated genes (p < 
0.05, q < 0.08) are listed in Supplemental Table S2.1. 
 
Figure. 2.1. Identification of the Y. pestis quorum-sensing molecules. (A) Profiles of 14C-
labeled AHL produced by R88 Y. pestis (solid circles) compared to R115 QS- Y. pestis 
(empty circles). The peaks absent from organic extracts of R115 Y. pestis supernatants 
correspond to C8-, C6-, and oxo-C6-AHL. (B) Supernatant from R88 Y. pestis (solid circles), 
but not R115 (empty circles), induces AI-2-dependent V. harveyii bioluminescence (RLU). 
(C and D) The production of AI-2 (C) and AHL (D) signals as a function of growth. 
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QS mutant strain R114 was deficient for growth on selected sugars. The QS-
mediated up-regulation of thiamine biosynthesis was dispensable in vitro, as the QS-null 
bacteria (strain R114) had no growth deficiency in thiamine-free media (data not shown). 
Likewise, there was no growth deficiency with galactose as the sole carbon and energy 
source (data not shown). The mal operon, aceA and aceB, and katY, were confirmed by RT-
PCR as being up-regulated by quorum sensing. Further analysis revealed mal genes and 
aceAB are up-regulated by the AHL Ytb system, whereas katY expression is responsive to 
AI-2 (Fig. 2.2).  
 
Figure 2.2. AHL-based QS regulates secondary metabolism. RNA was isolated, and 
levels of mRNA were measured by qRT-PCR as outlined in Material and Methods. Data 
represents the mean of triplicate measurements of the transcript differences between each 
mutant and that of strain R88 normalized to the 16S rRNA of each sample.  
AHL-null Y. pestis (strain R114) are growth deficient with maltose as the sole carbon and 
energy source (Fig. 2.3A). Growth with other carbon sources or in rich media was not 
impacted by the QS mutations (data not shown). Complementation of the QS mutant strain 
by expressing either ypeIR or yspIR on a plasmid restored growth on maltose (Fig. 2.3B). 
During growth on LB agar plates containing maltose and Congo red, maltose growth is 
fermentative and results in acid production (Fig. 2.4A). This is manifested by a dark red color 
change due to the Congo red in the medium. Under anaerobic conditions, AHL-null Y. pestis 
still fails to ferment maltose (Fig. 2.4B). Since previous microarray results show significant 
down-regulation of the mal operon at 37°C in LB (26), blood (7), and during rat infection 
(32), we decided to compare growth on maltose at each temperature. Fermentative growth 
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was only observed in R88 grown at 28ºC. At 37°C, mal transcription was low and Y. pestis 
failed to ferment maltose (Fig. 2.4A, unpublished results).  
 
Table 2.3. Genes significantly up-regulated by QS 
 
Gene symbol Gene function p value q value FC* qRT-PCR 
Glyoxylate bypass      
aceA Isocitrate Lyase 0.0000  0.0041  3.95  10.12  
aceB Malate Synthase 0.0001  0.0062  3.57   
aceK Bifunctional Isocitrate Dehydrogenase Kinase/Phosphatase Protein 0.0017  0.0128  2.31   
Galactose      
galE UDP-Galactose-4-Epimerase 0.0005  0.0078  10.96   
galK Galactokinase 0.0013  0.0119  3.30   
galT Galactose-1-Phosphate Uridylyltransferase 0.0006  0.0091  3.71  7.26 
mglA Galactose/Methyl Galaxtoside Transporter ATP-Binding Protein 0.0004  0.0073  4.40  4.57 
mglB Galactose-Binding Protein 0.0000  0.0041  8.35  4.27 
mglC Beta-Methylgalactoside Transporter Inner Membrane Component 0.0013  0.0119  6.96  3.67 
Maltose 
operon      
lamB Maltoporin 0.0010  0.0109  2.26  5.34 
malE Maltose ABC Transporter Periplasmic Protein 0.0001  0.0062  6.23  7.64 
malF Maltose Transporter Membrane Protein 0.0096  0.0270  4.53   
malG Maltose Transporter Permease 0.0087  0.0255  4.60   
malK Maltose/Maltodextrin Transporter ATP-Binding Protein 0.0002  0.0062  7.60   
malM Maltose Regulon Periplasmic Protein 0.0002  0.0062  5.33   
malQ 4-Alpha-Glucanotransferase 0.0002  0.0062  3.58   
malS Periplasmic Alpha-Amylase Precursor 0.0062  0.0216  3.88   
Detoxification       
ahpC Putative Alkyl Hydroperoxide Reductase Subunit C 0.0016  0.0125  1.66   
katY Catalase-Peroxidase 0.0001  0.0060  2.96  3.29 
sodB Superoxide Dismutase 0.0012  0.0114  1.63   
sodC Superoxide Dismutase [Cu-Zn] Precursor 0.0097  0.0273  1.65   
tpx Thiol Peroxidase 0.0016  0.0125  1.61    
* FC = fold change log2 
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Figure 2.3. AHLs upregulate the maltose operon and enhance growth on maltose. Growth 
of wild-type (WT) (black), and AHL mutant (dark grey) Y. pestis in minimal maltose 
medium (light grey) was monitored in Bioscreen C microplate reader incubating at 28°C with 
agitation (A). Complementation of AHL mutant bacteria with pypeIR (black, dashed) or 
pyspIR (grey, dashed) restores growth on maltose, whereas control plasmid (black, solid) 
does not (B). 
The QS-controlled glyoxylate bypass is QS-controlled and required for growth on 
fatty acid substrates. Growth on fatty acids and acetate depends on isocitrate lyase and 
malate synthase to bypass the carbon dioxide evolving steps of the TCA cycle (37). These 
enzymes are encoded by aceA and aceB, and were found to be highly up-regulated by AHL 
signals (Table 2.3 and Fig. 2.2). These enzymes are key for this modification of the TCA 
cycle, called the glyoxylate bypass. This metabolic variation on the TCA cycle is critical for 
pathogens growing on fatty acid substrates. Constitutive expression of aceA and aceB results 
in the glyoxylate bypass without induction, a trait of Y. pestis, that serves as a diagnostic tool 
(17, 25, 29, 31). Diminished aceAB expression in the QS mutant, strain R115, at high cell 
densities suggested an impaired ability to grow on substrates that flow through the glyoxylate 
cycle, like acetate or fatty acids. Indeed, in cultures with acetate as the sole carbon and 
energy source, the strain R115 expresses aceA and aceB at lower levels (data not shown) and 
lags behind WT in growth (Fig. 2.5) at 30°C but not at 37°C. These results corroborate 
previous microarray observations that the aceA is relatively poorly expressed at 37°C or 
during exponential growth, compared to lower temperatures or stationary phase (32). 
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Figure 2.4. Quorum-sensing regulates fermentation of sugars. Colony phenotype after 96 
hrs growth on LB plates containing Congo red and 0.2% maltose (A). Y. pestis ferments 
maltose to acid, converting the Congo red to black, whereas a yspIR ypeIR mutant does not. 
This fermentation does not occur at temperatures above 30°C, or on other sugars tested (data 
not shown.) Deletion of yspIR and ypeIR results in a lag in fermentation of maltose in 
anaerobic conditions (B). 
 
Figure 2.5. AHL quorum sensing upregulates glyoxylate bypass and enhances growth on 
acetate. Growth of R88 (black), and R114 AHL null mutant (dark grey) Y. pestis in minimal 
acetate medium (light grey) was monitored in Bioscreen C microplate reader incubating at 
28°C with agitation (A). Complementation of AHL mutant bacteria with pypeIR (black, 
dashed) or pyspIR (grey, dashed) restores growth on acetate, whereas control plasmid (black, 
solid) does not (B). 
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Discussion 
In this study, we demonstrate that AHL-based QS is important for the regulation of 
metabolism in Y. pestis. This represents a significant departure from the functions QS 
regulates in related strains within the Yersinia genus. This is likely a reflection of Y. pestis’s 
host-dependent lifecycle, where host-derived nutrients are the focal point of metabolism in 
this species. Nutritionally, Y. pestis can be characterized as growing primarily on blood, 
causing septicemia in the mammal and growing on digested blood meals within the flea. 
Plague can grow in the flea host for long periods, but is non-invasive being nutritionally 
sustained by the initial blood meal and subsequent blood meals (18). There is a great deal of 
variability in susceptibility to plague for both mammalian species and the flea, but it is clear 
that fleas can represent a long-term reservoir for plague, some maintaining infection for over 
a year (14). Likewise, the source of the blood meal influences the Y. pestis growth rate and 
infection frequency in the flea (9). The combination of the closed environment of the flea that 
will rapidly become deficient in nutrients, and the necessity to survive long periods on 
sporadic feedings, makes the ability to fully utilize the blood meal necessary. 
Previous microarray analysis has shown that aceA is most strongly up-regulated in the 
stationary phase of growth at 21°C compared to 37°C (32). This is consistent with our own 
results. This regulation pattern correlated with the work in other species showing that 
isocitrate lyase (ICL) is most important during chronic rather than acute infection (12). 
Furthermore, down-regulation at 37°C precludes infection of the mammal, further implying 
its importance during persistent colonization of the flea. Up-regulation of the glyoxylate 
bypass pathway would provide a selective advantage for growth on the fatty acids of the 
blood meal, and provide a way to scavenge acetate from fatty acid breakdown and earlier 
growth on the blood glucose. Importantly, previous assays for glyoxylate pathway activity 
were performed at high cell densities, when quorum-sensing regulated genes would be 
expected to be up-regulated. The glyoxylate bypass pathway is critical for the pathogenesis 
of several species. Salmonella ICL mutants are fully competent for growth and acute 
infection, but they cannot cause persistent infections (12). Likewise, ICL is required for 
Mycobacterium tuberculosis persistence in macrophages (24), and Pseudomonas aeruginosa 
ICL mutants do not thrive in a lung model of cystic fibrosis (23). Isocitrate lyase expression 
is uniquely constitutive in Y. pestis (17, 25), highlighting a potential adaptation of plague. 
While this study notes the impact of this regulation on growth in vitro, these are underscored 
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by the observation that aceA is not required for infection following intravenous inoculation 
of mice, nor for infection, blockage, or growth in the flea vector (31). 
As with fatty acid degradation, utilization of particular carbohydrates can be necessary 
for a pathogen to establish or persist during disease. Among the carbohydrates shown to be 
nutritionally important in streptococcal pathogenesis are mannose, maltose, galactose, and 
sucrose (33). Increased maltose catabolism gives Escherichia coli O157:H7 a competitive 
advantage during colonization (21). The maltose operon in defined media and human plasma 
is highly up-regulated at 26°C compared to 37°C in a growth phase-dependent manner in Y. 
pestis (7, 26). Proteins of the maltose operon are among the most abundant proteins in 
stationary cells at 26°C in defined media and appear at much higher levels over cells grown 
at 37°C or growing logarithmically (28). In these experiments, inducers of the maltose 
operon were absent, reflecting up-regulation of the maltose operon by unknown mechanisms. 
Significant up-regulation of the gal operon was observed, although QS was not required for 
growth on galactose. This may indicate that this regulation may be incidental or refractory to 
single carbon source tests and instead has a different role in bacterial physiology. An 
explanation for the potential benefit of gal induction may lay in the observation that the gal 
and mal operons, and aceAB of E. coli are induced by glucose limitation during continuous 
culture (13), suggestive of additional roles in cell metabolism. Induction of these pathways 
increases glucose affinity (13), and mutations resulting in gal, mal, and aceAB up-regulation 
are commonly found during long-term culture experiments and during infections (13).  
Why regulation of secondary carbon and energy source pathways is subject to quorum 
sensing control in plague is unclear. We speculate that QS may coordinate the use of 
alternative growth substrates in the flea. After a blood meal, a period of rapid growth on a 
primary carbohydrate of blood, glucose, may produce a “quorum” of Yersinia. Following 
depletion of glucose, alternative growth substrates present in blood, such as maltose, would 
then be utilized. This strategy might optimize the growth yield of Y. pestis in the flea 
environment or help to sustain it under limiting growth conditions.  
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Abstract 
Quorum sensing is a cell-to-cell communication process that involves chemical signaling. 
Yersinia pestis, the agent of plague, has two functional acyl homoserine lactone (AHL) 
quorum sensing systems, Ysp and Ype. From previous studies, it was not clear what effect 
AHL pathways have on virulence gene expression and survival in the two different hosts, 
flea and human. To investigate to what effect AHL quorum sensing has on gene expression, 
we conducted microarray studies comparing Yersinia pestis CO92 (∆pgm) to AHL single 
mutant strains (∆pgm ΔypeIR or ∆ pgm ΔyspI) or to a double AHL mutant strain (∆pgm 
ΔypeIR ΔyspIR) at 30°C and 37°C. We also added AHLs to non-quorum sensing cells and 
compared those transcription changes to control cells. Our data show that AHL signaling can 
have profound effects on cellular physiology of Y. pestis, especially on its carbohydrate 
metabolism and on virulence gene expression. Also, AHL quorum sensing systems regulated 
more genes at the lower temperature suggesting the impact of gene regulation by AHL 
pathways is greater on flea survival than on human virulence.  
Introduction 
Most bacteria have more than one gene regulatory mechanism that includes a system for 
sensing population densities called quorum sensing (QS). These systems are forms of cell-to-
cell communication involving receptors that recognize and bind small molecular weight 
signals called autoinducers that are secreted to the extracellular environment by itself or by 
related members of the population. At low cell density, quorum sensing controls bacterium 
individually. At high cell density, quorum sensing controls bacteria as a union (39). 
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Yersinia pestis, the etiological agent of plague, is sometimes referred to as Black Death. 
By conservative estimates, it has killed over two hundred million people throughout recorded 
history (2). Generally Y. pestis is subcutaneously transmitted to humans and rodents by 
infected fleas; Y. pestis can also be transmitted by aerosols from infected individuals with 
pneumonic plague or can be intentionally released by a bioterrorist as a threat to public 
safety. The disparate environments (flea midgut vs. mammalian host) in which Y. pestis must 
survive requires complex gene regulatory mechanisms to conserve energy. Consistent with 
this are examples of gene regulation in Y. pestis that are responsive to temperature shifts 
between the ambient temperature of the flea and the human host and further by calcium 
requirements at 37°C that under low calcium concentrations induces a Type III secretion 
system (T3SS) with multiple effector proteins (10).  
The focus of these studies is the two conserved quorum sensing systems of Y. pestis that 
include the two pairs of LuxIR orthologues, YpeIR and YspIR (termed YpsIR and YtbIR in 
strain KIM nomenclature, respectively)(9). The LuxI type proteins (YpeI and YspI) produce 
autoinducers N-acyl-homoserine lactones (AHLs). AHLs are synthesized from acyl–acyl 
carrier proteins (acyl-ACP), the source of the fatty acyl side chain, and S-adenosyl 
methionine (SAM), the source of the homoserine lactone ring (24, 36, 40). AHL autoinducers 
share the core homoserine lactone moiety with distinct acyl side chains. From studies by 
Bobrov et al. (9), Y. pestis produces four diffusible extracellular signals: N-hexanoyl 
homoserine lactone, N-(3-oxohexanoyl)-homoserine lactone, N-octanoyl homoserine lactone 
and N-(3-oxooctanoyl)-homoserine lactone. The yspI locus produces N-hexanoyl homoserine 
lactone, N-(3-oxohexanoyl)-homoserine lactone and N-octanoyl homoserine lactone (9, 25). 
The ypeI locus produces N-(3-oxohexanoyl)-homoserine lactone (9). LuxR type proteins 
(YpeR and YspR) are cytoplasmic transcriptional activators or repressors that contain a 
helix-turn-helix (HTH) DNA-binding motif in the C-terminal region and bind the AHL 
autoinducers. When the AHL signals reach a threshold level, they are detected by LuxR type 
transcriptional factors to cause changes in gene regulation. 
The AHL quorum sensing systems are thought to be important in Gram-negative bacteria, 
but some bacteria have incomplete AHL QS circuits. Salmonella enterica serovar 
Typhimurium and Escherichia coli have a luxR homolog called sdiA that can detect AHL 
signals, but they have no luxI homolog to make AHL signals (46). The enteropathogen 
Yersinia pseudotuberculosis, a species genetically related to Y. pestis, has two pairs of LuxRI 
orthologues similar to those in Y. pestis that synthesizes three major AHL quorum sensing 
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signals (N-hexanoyl homoserine lactone, N-(3-oxohexanoyl)-homoserine lactone and N-
octanoyl homoserine lactone) and can utilize these AHL QS signals to regulate flagellar 
motility at 28°C (Motility+) and 37°C (Motility–)(5). Yersinia pestis has the flagellar 
structural genes, but mutations in some flagellar genes render it aflagellar. Based on a 
previous study, the two parallel AHL systems do not appear to play a significant role in the 
blockage of Oriental rat flea Xenopsylla cheopis and transmission of plague to mammals 
(23), so the importance of AHL QS in Y. pestis remains unclear.  
The presence of an intact QS system suggests that Y. pestis has QS regulated functions 
that are important to the organism at some phase of its transmission cycle or in general 
growth. To gain insight into the physiological role of the two AHL quorum sensing systems 
(YpeIR and YspIR) in Y. pestis, we generated single and double mutants of AHL quorum 
sensing (ΔypeIR, ΔyspI and ΔypeIR ΔyspIR), and performed transcriptional profiling 
experiments with these mutants and with AHL molecules to identify AHL-regulated genes at 
30°C and 37°C in vitro. Our results show that YpeR and YspR pathways profoundly affect 
the physiology of Y. pestis. The role of the two AHL quorum sensing systems together 
appears to be to optimize growth or survival inside the arthropod vector.  
Materials and Methods 
Bacterial Strains and Culture Conditions. The Y. pestis strains used in this study were 
derived from a pgm deletion mutant of strain CO92 (17) and are described in Table 1. The 
Δpgm mutation in Y. pestis strain R88 removes 102 kb making the strain non-pathogenic 
(19). For all experiments, bacteria were grown overnight in Heart Infusion Broth (HIB) at 
30°C. These overnight cultures were diluted 1:100 in fresh HIB and incubated at 30°C or 
37°C until the cell density reached OD600 = 1.0, about 9-10 h. This optical density shows 
maximum induction of AI-2 and AHLs (unpublished data). For 37°C cultures, 2.5 mM 
calcium chloride (final concentration) was added. For some studies, the overnight cells were 
washed by centrifugation three times with PBS, diluted 1:100 in fresh HIB and incubated for 
2 h prior to treatment with purified AHLs. Cell growth was monitored on a Bausch and 
Lomb Spectronic 20 Spectrophotometer at wavelength 600 nm.  
Mutant construction. To determine the effect that the acyl homoserine lactone pathways 
have on the general physiology of Y. pestis, deletion mutations in the two AHL pathways, 
yspI and ypeIR, were constructed for further analysis. Each of the mutations was constructed 
in strain R88 with the ∆pgm background by recombineering (13). Strains R109 and R114 
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were constructed by Robert D. Perry using the primers described for generating the same 
mutations in the KIM strain (9).  
 
Table 3.1. Bacterial strains used in this study 
Strains Characteristics Source or Reference 
R88 Y. pestis CO92 ∆pgm R. D. Perry 
(University of Kentucky) 
R109 Y. pestis CO92 ∆pgm ΔypeIR R. D. Perry 
ISM2012 Y. pestis CO92 ∆pgm ΔyspI 
G. J. Phillips 
(Iowa State University) 
R114 Y. pestis CO92 ∆pgm ΔypeIR ΔyspIR R. D. Perry 
 
The yspI deletion was constructed in strain R88 as follows. A linear DNA fragment was 
generated by PCR using PKD4 (14) as template and the primer pair yspI-KO2.S 
(CGTCTTAACTGGGAGGTGAATTGCAGCAACGGCATGGAGTTTGATGAATGTGTA
GGCTGGAGCTGCTTCG) and yspI-KO2.AS (TGAACATGGATCCTGCAAA 
CGCTGATTAACCTGTAAAAGCAGCCGTGCATATGAATATCCTCCTTAG). The PCR 
product was purified using the Qiagen QIAquick Gel Extraction kit (Valencia).  
For recombineering, Y. pestis R88 was first transformed with pRedET (Gene Bridges 
GmbH) by electroporation. Transformants were selected on HIB agar supplemented with 
ampicillin (Amp) (100 µg/ml) overnight at 30°C. One ml of an overnight culture was 
inoculated into 8 ml of HIB in a 125 ml sterile flask and incubated with shaking at 30°C for 
3-4 h. When the OD600 was greater than 0.4, half of the culture was transferred to a second 
flask containing 145 µl of 20% L-arabinose to induce expression of the Red genes on 
pRedET. Both flasks were incubated at 30°C with shaking for 1 h. The cells were 
immediately transferred to 15 ml Falcon tubes on ice and centrifuged for 8-10 min at 5000 
rpm at 4°C. The cultures were resuspended and washed four to five times with cold MOPS + 
20% glycerol (38). The final pellet was resuspended in 50 µl of MOPS + 20% glycerol, and 
approximately 1 µg of PCR product was added to both induced and uninduced cells. The 
cells were transferred to a pre-chilled 0.1 mm gap electroporation cuvette and electroporated 
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at 1800 V, 200 Ω, 25 µF (BTX ECM630 Electro Cell Manipulator). One ml of HIB was 
immediately added to the cuvette, and the cells transferred to a new 15 ml Falcon tube. The 
cultures were incubated at 30°C with shaking for 6 h before pelleting the cells. Cells were 
plated onto HIB agar + 30 µg/ml kanamycin and incubated for 48 h at 30°C. To cure the 
recombinants of pRedET, individual colonies were cultured in HIB overnight at 37°C. The 
cultures were diluted 10-5-10-6 and the resulting colonies tested for ampicillin sensitivity. 
Experimental design. For each microarray experiment, the transcriptomes of one of the 
single deletion mutants (yspI or ypeIR) or the double yspIR, ypeIR mutant was compared with 
the CO92 ∆pgm strain R88 using microarrays. In these experiments involving Y. pestis 
mutants, the cells were harvested at mid to late log phase (OD600 = 1.0) when the cells were 
in full quorum sensing mode according to AI-2 levels (27). The cells were grown at 2 
different temperatures, 30°C and 37°C to account for both life styles, the flea and human 
hosts. An additional experiment was performed with the ∆pgm background strain in which 
cells were treated with the AHLs prior to their achieving quorum sensing. For these studies, 
overnight cultures were washed three times to remove any QS signals and diluted 1:100 in 
HIB. After a 2 hour incubation at 30°C, both AHLs (N-hexanoyl-DL-homoserine lactone and 
N-(3-oxooctanoyl)-L-homoserine lactone, Sigma) were added to a final concentration of 5 
µM from a stock solution dissolved in ethyl acetate and stored in aliquots at -70°C. The cells 
were incubated for 4 h at 30°C, and then the cells were isolated by centrifugation, RNA 
Protect Reagent (Invitrogen) was added, and the cells were stored at -70°C until the RNA 
was isolated. At this growth time point, Y. pestis produces no detectable AI-2 or AHLs (27). 
The control was an identical aliquot of cells from the same culture without added AHLs. A 
second set of experiments was performed with Y. pestis incubated at 37°C. 
For each experiment, labeled cDNAs generated from RNA from six mutant or treated 
cultures (biological replicates) were paired with controls for hybridization on a two-color 
microarray slide. Both Cy3/5 or Alexa555/647 dyes were used as labels, and dye assignments 
to control and mutant were reversed for three of the arrays to account for variation in labeling 
efficiencies (dye bias).  
Microarray slides and microarray data accession. The microarray platforms used in 
these studies are described at the National Center for Biological Informatics Gene Expression 
Omnibus (GEO) using SuperSeries accession number GSE30373. All microarray data are 
available at accession numbers shown in Table 3.2.  
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Table 3.2. The number of significantly regulated genes in response to AHL signals and 
mutations*  
Microarray Experiment p < 0.05 GEO Number 
 30°C 37°C 30°C 37°C 
R88 vs. ΔypeIR 218 47 GSE30332 GSE30341 
R88 vs. ΔyspI 310 35 GSE30329 GSE30328 
R88 vs. ΔypeIR ΔyspIR 855 194 GSE29240 GSE30331 
R88 treated vs. AHLs untreated 301 23 GSE30238 GSE22847 *	  with	  an	  absolute	  value	  of	  fold	  change	  >	  1.5	  
RNA extraction and cDNA synthesis. The cells from each culture were collected and 
RNA were isolated using Tri Reagent (Ambion) following the manufacturer’s protocol. The 
RNAs were treated with DNase I (Ambion) for 30 min at 37°C to remove contaminating 
genomic DNA. PCR was used to confirm DNA removal. The RNAs were then centrifuged 
through Microcon Ultracel/YM30 filters (Millipore). Ten µg of total RNA from each sample 
plus 10 µg of random hexamers (Integrated DNA Technologies) were used to synthesize 
aminoallyl-labeled cDNA by SuperScript Reverse Transcriptase III (Invitrogen). 
Fluorescently labeled targets were prepared as described (11). The frequency of dye 
incorporation and yield was determined by spectrophotometry (ND-1000 Nanodrop).  
Hybridization. The microarray slides were prehybridized in 5X SSC, 0.1% SDS, 1% 
BSA buffer for 2 h at 42°C and then rinsed with water. Corresponding equal amounts of dye 
labeled cDNA targets (1.5 µg) were mixed together, dried, resuspended in 60 µl of 
hybridization buffer (40% formamide, 5x SSC, 0.1% SDS, 0.6 µg/µl Salmon Sperm DNA), 
incubated at 95°C for 5 min, and centrifuged for 5 min at 12,000 rpm. This solution was then 
pipetted onto a freshly prehybridized microarray slide, covered with a Lifterslip (Erie 
Scientific), and hybridized overnight (12-16 h) at 42°C using a Corning hybridization 
chamber and a water bath. Posthybridzation washes were performed according to the 
Institute for Genomic Research protocol 
(ftp://ftp.jcvi.org/pub/data/PFGRC/MAIN/pdf_files/protocols/M008.pdf). 
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To enhance discovery of differentially expressed genes, the hybridized arrays were 
scanned three times under varying laser power and photomultiplier tube values using a 
ScanArray HT scanner (Perkin Elmer) to detect excitation wavelengths as described (29). 
Image processing and normalization was performed as described (29). The normalized values 
for multiple spots were averaged within each array to produce one normalized measure of 
expression of fluorescence for each probe sequence and each of the 12 experimental units for 
each microarray study. A mixed model analysis was conducted as previously described (11). 
For all microarray studies, the results are reported at a statistical significance of p < 0.05 and 
an absolute fold change > 1.5 (see supplemental tables). 
Semi-quantitative RT-PCR. The SensiMixTM SYBR No-Rox One-step kit (Bioline) was 
used to perform real-time RT-PCR assays on a Stratagene Mx3005P QPCR System. The 
quantification cycle (Cq) values were exported from MxPro 4.1 software. Three biological Y. 
pestis replicates were used and all original RNAs were equally diluted to 4 ng/µl. Each of the 
RNA templates were then diluted 3 times as described by the PREXCEL-Q software program 
(20). leuB was used as the internal reference gene. This gene showed no difference in 
transcription across all of the microarray studies. The reaction final volume for each well was 
15 µl and contained 7.5 µl SensiMix SYBR No-ROX One-Step, 0.6 µl of each primer at 
2.5 µM, 0. 3 µl 10 U/µl RiboSafe RNase Inhibitor, 5 µl RNA and 1 µl DEPC-water. Primers 
are described in Table 3.3. The thermal cycling conditions included a reverse transcription 
step at 50°C for 30 min; a polymerase activation step at 95°C for 10 min; 40 PCR cycles of 
95°C for 30 s, 60°C for 30 s, and 72°C for 30 s; and a melting curve step of 95°C for 1 min, 
55°C for 30 s, and 95°C for 30 s.  
For RT-PCR, the generation of cDNA is described above except 2 µg of random primers 
were added to each reaction. A standard PCR reaction was then performed with 200 ng of 
cDNA and the indicated primers (Table S11) as described above.  
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Table 3.3. RT-PCR primers 
Gene Forward (5' →  3') Reverse (5' →  3') 
aceA AGATGTCTTGGGTGTACCAACGCT AGCAGTACGGTCGCCGGTAATAAA 
agaZ GTGCAGCCTGGTGTTGAGTTTGAT AATCGGTGGAGTGGGCTTCGAATA 
deoB ATCTGCCGGGCTATTTGGGTAACT GGGCAATTTCGCACAGCTCATACA 
feoA GTTTAATGTTGTTCGCCTTGCGCC TCCAAGGTGAGCAGGTCTAAGTCT 
feoB GGAACGCAAAGAAGGCCACTTCAA  AGTAGGTCAGCTTCGCCACTCAAA 
spanning 
feoAB  AGACTTAGACCTGCTCACCTTGGA TTGAAGTGGCCTTCTTTGCGTTCC 
fruK GATCAACGTTGCCAAGGTGCTGAA AGTCACTTCGCCATCTTTCTCGGT 
ftn GTGCTTGGTGCAGCGATAAAGGTT AGTACAGGCATAGAGCCAGTTCCA 
galE TCATCCTCGACAACCTCTGACACA AAAGTTCAGGCGTATAGCCGGTCA 
galT CAATCGCCCATGCTGCTGGATTAT TAAGGCACTACCGCTAGCCAATGT 
gltP ATGCGAAGAAACTTGGCCGGATTG TCAACGACGGTTAGCGCAGACATA 
katY ACCGATGTCAGTTCTTTCGCGGTA TCAGGCACGGTCAGTTCCAGTTTA 
lamB ATCTGGGCCGGTAAGCGTTTCTAT TCGATAGTTTCAAGACCGGCACCT 
leuB ACCCTTCCCAATTTGACGTGTTGC TCTGAGCGATAGGGTTGGCAATGT 
lcrR TTACCGAACATGGCTTGGTTTGCC TGCAAGCTTGAGGCCAGCTAATTG 
malE ACCGTACTTCACTTGGCCCGTTAT TACGCCCACGTTCTTCGCATCATA 
malF TGAAAGCGATCCCTGACGACTTGT ATCATCAGCGGTGTCAGTGGCTTA 
mglA TTCTGCGGGATGGTCAGTGGATTA AGAGAGCGACCGACCATCATTGAA 
mglB TTGGCAAGCTAATCCAGAGTGGGA ATCTGGATGACCCGGTTCACCTTT 
mglC GTCGCGGGTTTGATTGTTACCCAA AGGCAGACAACGAGAATGACCACT 
mgtC AGGCATGAATATCCGCGGTCTGAA ACAAACCCAGACCACAAAGCACAC 
nanT ATTTCTGCTGCCTTCATCTCACGC CAAGCGAGCAATAAACAGCGTGGT 
ompW ACCTAATGCCGGGTCTGATGATGT GCTGCCAGCAATTCAACACCGATA 
pim CAGACAACCTTCAAGCAAACCGAG  TGGCTACATATGTTGGCGGTCT 
pla AGGCTGGTTACTCCAGGATGAGAA ACCACCTGTAGCTGTCCAACTGAA 
proX AATGTCGCCTACTCCTCCATTGCT  ATCAGATAACCCTGTGCCAAGCCT 
psaA  TGAGGTGACTGTCAAGCAGGGAAA CCTGTTGGAATCAAACGCCAACCA 
psaE CGGTGATGTGATCTCCCATGATGA AATAGCAACCGGCAGTGATGTTGG 
terY GGTTCAAATGCTGTTGTCCACGCT CCATTTGCCACCAACTCAGGCAAT 
tonB TTCAATAGGGTTGCACGGGAGTGT GTTGTGGTGCAGCAAATTCCGCTA 
treB CCGCGTGGCAAACCATTTATGACT TCAATTGCGGAGAGACCAGTGTGA 
ureC ACCTGGTGATTACCAACGTCACGA CGGCGGCAGTAAGAATCAAATGCT 
uspA ATCTCGGCGATATGCAGAAGCGTA TAATGGCATCAACCAGAACCTGGC 
yapM CGTGATGCTCAAACAGCCATTCGT GCAGCGCCTTGATAGGCAAAGTTA 
yfiA TCGTAAACACGTTGAGGACCGTCT ACATATCATCATGCTTGGCGCTGG 
yopT GCACACCGAGTGAAAGTGGAAACA GAAGGTAAAGCTGCTGCGTTGGTT 
YPO0822 ATGACGATCAACCCAGATGGCTCT AACGATAGCCGGCACTTACTTCCA 
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Results 
Role of AHL pathways in gene regulation at 30°C. (i) Differentially regulated genes 
in the absence of AHL pathways. In the absence of Ype and Ysp AHL pathways, a 
profound alteration in cellular physiology was observed. The transcriptome of strain R114 
devoid of AHL activity was compared to the parent strain R88 during the logarithmic phase 
of growth at 30°C (OD600 = 1), a growth condition of maximum AI-2 levels. A total of 855 
genes were differentially expressed (Table S1). Under full QS inducing conditions, the genes 
that both AHL pathways activated included acnB, fumA, fumC, gltA, sdhCDAB and 
sucABCD (TCA cycle, acetyl-CoA synthetase), aceAB-aceK (glyoxylate bypass pathway), 
lamB and malEFGKMQSZ (maltose metabolic pathways), mglB-mglAC and galETKM 
(transport and metabolism of galactose), treBC (trehalose metabolism), gatY (tagatose 
metabolism), fadAB (degradation of small molecules), ureBC (urease operon), nanA and 
nanT (sugar transporters), katY (catalase) and the F1-capsule antigen. The genes that both 
AHL pathways repressed included ribosomal protein genes rplA, B, C, D, E, F, I, J, K, L, M, 
N, O, P, Q, R, S, U, V, W and X; rpm genes A, B, C, D, E, G, H and J; and rps genes B, C, D, 
E, F, G, H, I, J, K, L, N, O, P, Q, R, S, T and U; the type III secretion genes yscA, yscBCD, 
yscKL, yscU, yscW (or virG), and virF (transcriptional activator of the Yersinia virulence 
regulon).  
(ii) Differentially regulated genes in the absence of the Ype pathway. To sort out the 
relative contribution of the different AHL pathways to cellular physiology, experiments were 
performed with single AHL mutants. When transcription levels were compared between R88 
and strain R109 lacking the Ype pathway during full QS inducing conditions, 218 genes were 
differentially expressed (Table S2). The Ype pathway activated genes such as mgtBC (Mg2+ 
transport), proWX (glycine betaine transport), agaZ (tagatose degradation), malQ (starch 
degradation), sucC (Krebs cycle), sepC (insecticidal toxin) and deoB (phosphopentomutase). 
At 30°C, among the genes that the Ype pathway repressed were psaAB and psaEF (synthesis 
of the pH 6 antigen), lipoprotein yscW (or virG) which plays a central role in the export of 
the Yops and disrupts the primary functions of host macrophages (7), virF (transcriptional 
activator of the Yersinia virulence regulon), mglC (galactose transport) and fadB, D, and I 
(degradation of small molecules). 
(iii) Differentiated regulated genes in the absence of the Ysp pathway. To assess the 
contribution of the second AHL pathway to overall cellular physiology, transcript levels were 
compared between R88 and ISM2012 during full QS inducing conditions, and a total of 325 
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genes were differentially expressed (Table S3). Genes activated by the Ysp pathway with the 
highest fold change included mgtC (pathogenesis), the glutamine synthetase gene glnA, 
nitrogen regulatory protein P-II 2 gene glnK, tonB (biofilm formation), proS (TonB-
dependent outer membrane receptor), fruB (fructose phosphotransferase system), cysP 
(thiosulfate transport), hisQ (histidine transport), yfeD (chelated iron transport), YPO1312 
(siderophore) and YPO3967 (phosphate transport). Among the up-regulated genes in 
ISM2012 at 30°C were the maltose operon (malFGKPSZ), mglABC (galactose transport and 
binding proteins), nrdEFHI (sugar nucleotides metabolism), pim (pesticin immunity protein), 
pst (pesticin), lsrDK (AI-2 QS), aceB (glyoxylate bypass), caf operon involved in synthesize 
of the F1 antigen, and dctA (C4-dicarboxylate transporter).  
Role of AHL pathways in gene regulation at 37°C. (i) Differentially regulated genes 
in the absence of AHL pathways. To examine the effect of the AHL pathways at the human 
host temperature, strain R114 was compared to R88 at 37°C. At the higher temperature, a 
total of 126 genes were differentially expressed (Table S4). Under full QS inducing 
conditions, the genes that both AHL pathways activated with the highest fold changes 
included sfuA (iron(III)-binding periplasmic protein), mglAB (galactose metabolism), glgP 
(glycogen phosphorylase), glgC (glucose-1-phosphate adenylyltransferase), hdeD (acid-
resistance membrane protein), bfd (bacterioferritin-associated ferredoxin), gpm 
(phosphoglycerate mutase 1), terB (tellurite resistance protein), glpD (glycerol-3-phosphate 
dehydrogenase), gltP (glutamate/aspartate:proton symporter), copA copper exporting 
ATPase), yscN (type III secretion system ATPase), YPO1528 (ferric iron reductase involved 
in ferric hydroximate transport), YPO3681 (insecticidal toxin) and YPO3348 (transcriptional 
regulatory protein). The genes that both AHL pathways repressed included numerous genes 
involved in translation including the 30S ribosomal protein genes rpsB, C, E, F, H, I, J, P, R, 
and S; the 50S ribosomal protein genes rplA, B, C, D, E, I, K, R, S, V, and W; as well as the 
50S ribosomal protein genes rpmA, B, D, F, G, and H; tig (trigger factor); efp (elongation 
factor P); rim (16S rRNA-processing protein Rimm); rpoAC (RNA polymerase subunits)], 
rph (ribonuclease), yhjW (phosphoethanolamine transferase), ftn (ferritin uptake), cvpA 
(colicin V production protein), and mutM (formamidopyrimidine-DNA glycosylase).  
(ii) Differentially regulated genes in the absence of the Ype pathway. When 
transcription levels were compared between R88 and R109 during logarithmic growth phase 
at 37°C, 44 genes were differentially expressed (Table S5). Among the genes that the Ype 
pathway activated were yapM (autotransporter), ompW (exported protein), mglB and galE, T 
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(galactose transport and metabolism), agaY (aldolase), lsrR (AI-2 repressor) and agaZ 
(tagatose degradation). At 37°C, among the genes that the Ype pathway repressed were asnA 
(aspartate-ammonia ligase), amtB (ammonium transporter), suhB (inositol monophosphatase 
family protein), glnK (nitrogen regulatory protein P-II), and rnb (exoribonuclease). 
(iii) Differentiated regulated genes in the absence of the Ysp pathway. When 
transcript levels were compared between R88 and ISM2012, a total of 32 genes were 
differentially expressed (Table S6). Among the genes that the Ysp pathway activated were 
agaZ (tagatose degradation), nanAT (sialic acid transport) and lpp (major outer membrane 
protein). Among the genes that the Ysp pathway repressed were yscABC (type III secretion), 
rbsB (sugar binding protein), lcrV (secreted effector protein), yerA (secretion chaperone), 
treB (trehalose (maltose)-specific PTS system), iucD (siderophores biosynthesis), 
YPMT1.81c (F1 operon positive regulatory protein), and dctA (C4-dicarboxylate 
transporter). 
Response of Y. pestis to exogenous acyl homoserine lactones. (i) Gene responses to 
acyl-homoserine lactones at 30°C. To estimate the time of production of AHL QS signals in 
Y. pestis, we showed that both AI-2 and AHLs appear at approximately the same times 
during growth (unpublished data). AI-2 and both AHLs are barely detectable at 6 h of growth 
at 30°C. Thus, the 2 h of incubation after washing and diluting plus the 4 h of treatment with 
AHLs ensured that the cells would be exposed to low levels of endogenous AI-2 and AHLs. 
Only the added AHLs would be at a concentration sufficient for inducing gene expression 
changes during the course of the experiment. Table S7 shows the significant differentially 
expressed genes (p < 0.05) at a fold change > 1.5. At p < 0.01, 150 genes were differentially 
expressed. The up-regulated genes in AHL treated cells included genes in the surface 
polysaccharides, lipopolysaccharides and antigens. Other notable up-regulated genes 
included mreC (murein sacculus and peptidoglycan), gltP (transporter), YPO1935 (electron 
transport), cysJPTW (sulfate transport and sulphur metabolism), YPO0956 (iron transport), 
yeeF (amino acid transport), iscS (aminotransferase), proVW (glycine betaine transport) and 
artPQ (arginine transport). The genes in the maltose operon, lsr operon (lsrABCDRK), 
anaerobic respiration, and katA (catalase) were all found to be down-regulated in AHL 
treated cells at 30°C. 
(ii) Differentiated genes in response to acyl homoserine lactones at 37°C. In a second 
series of experiments where bacteria were incubated at 37°C, 23 genes were differentially 
regulated at p < 0.05 and 12 genes at p < 0.01 by the addition of both AHLs (Table S8). Only 
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one gene was significantly up-regulated at 37°C during AHL treatment with a fold change 
more than 1.5, YPO1871 encoding a hypothetical protein. The down-regulated genes in AHL 
treated cells at 37°C included psaEF (gene regulation), pla (virulence factor protease), fruAB 
(fructose-specific PTS), fadB (degradation of small molecules), yafH (acyl-CoA 
dehydrogenase), yfiA (σ54 modulation protein), gntT (gluconate transporter), and ompC (outer 
membrane porin).  
There were 3 common genes positively regulated by the Ysp or the Ype pathways in Y. 
pestis at 37°C, and these included YPO0821, YPO0822 and yapM. Two overlapping genes 
are divergently regulated at 37°C, YPO1718 (exported protein) and YPPCP1.08c 
(transcriptional regulator) both were positively regulated by Ype but negatively regulated by 
Ysp. There were 4 overlapping genes negatively-regulated by AHL QS or AHLs signal 
treatment at 37°C, and these included YPO1993 (dehydrogenase) and YPO1994-1996 
(hypothetical proteins). 
 
Discussion 
Most microorganisms use QS as a form of cell to cell communication, and for some 
pathogenic bacteria, QS controls diverse responses that include virulence (in Vibrio cholerae 
(34)), biofilm formation (in Pseudomonas aeruginosa (15)), bioluminescence (in Vibrio 
species (33)), swimming motility (in Y. pseudotuberculosis (4, 5)), competence (in Bacillus 
subtilis (41)), and antibiotic production (in Photorhabdus luminescences (16)). The QS 
apparatus in Y. pestis is complex, being composed of three parallel signaling pathways, two 
LuxR pathways, Ype and Ysp, and the less well studied AI-2 QS pathway typified by LuxS 
(9). Lacking a reporter strain for the AHL signals complicates studies of the LuxR pathways. 
To compensate, we monitored AI-2 expression, which has an expression profile similar to 
AHLs (unpublished data), and from that profile designed the microarray studies utilizing 
mutations in ypeI or yspI or the addition of AHL signals. Our mutant studies were designed 
to maximize QS in the control cells so that the transcriptional differences of each gene would 
be at their largest. 
Initially, the effects of the total absence of AHL pathways during full AI-2 stimulation in 
strain R114 (∆ypeIR ∆yspIR) was determined followed by full AHL stimulation in the 
absence of AI-2 production with the AHL addition study. We also sought to unravel the 
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individual contributions of the two AHL pathways on gene expression with individual LuxR 
deletions (strains R109 and ISM2012) under full AI-2 stimulating conditions. We 
hypothesized that the two parallel LuxR-like AHL quorum sensing systems in Y. pestis 
induces distinct subsets of genes at the two growth temperatures, 30°C and 37°C. How the 
two subsets differ and what kind of effect temperature would have on overall gene 
transcription under QS conditions was unclear.  
The AHL addition study and the mutant studies differed in the potential effect of AI-2 on 
gene regulation: in the mutant studies, AI-2 levels were maximized whereas in the AHL 
addition study, they were minimal. This allowed us to begin sorting out the contribution of 
AI-2 to gene transcription in Y. pestis. Unexpectedly, the AI-2 contribution to gene 
expression was significant at 30°C. In the absence of AI-2 in the AHL addition study, 
metabolic pathways involved in the uptake and metabolism of amino acids, production of 
capsule or biofilm and sulfate and iron transport were up-regulated by the AHLs (Table S7), 
and maltose transport and utilization and katA were down-regulated (Table S7). With high 
levels of AI-2 in the mutant studies at 30°C, however, genes encoding ribosomal proteins, the 
type III secretion system and VirF were down-regulated by the Ype pathway (Tables S1 and 
S2), suggesting that in the flea these activities are less important to the survival of Y. pestis. 
The most surprising impact of AHLs was on sugar transport and metabolism, fadAB 
(degradation of fatty acids), virulence factors KatY and F1 antigen, agaY (aldolase), and 
lsrABDK (AI-2 regulation) were all up-regulated in the control relative to strain R114 
(∆ypeIR ∆yspIR). 
Studies of the double AHL mutant  
There is little information about the environment in the flea gut and how Y. pestis adapts 
to the environments in the flea digestive tract. Adult fleas take blood meals, which provide 
nutrients such as glucose, amino acids, and fatty acids, all substrates that Y. pestis can utilize 
to survive and multiply inside the flea gut. The microarray studies comparing R88 (∆pgm) vs. 
R114 (∆pgm ΔypeIR ΔyspIR) showed that the two AHL QS systems controlled expression of 
genes involved in a variety of metabolic pathways. The Krebs cycle, glycoxylate shunt 
pathway, maltose, tagatose, trehalose and galactose metabolism were all positively regulated 
by the AHL pathways at 30°C but not at 37°C. Since regulation of these functions occurred 
in a temperature dependent manner, this suggests a role for AHL quorum sensing in 
regulating carbon utilization inside the flea gut that may maximize bacterial growth in that 
environment.  
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The TCA cycle has two essential roles in metabolism; the first is the total oxidation of 
CoA and the second is the TCA cycle intermediates that are required for biosynthesis of 
several amino acids and heme biosynthesis. The TCA includes nine genes: gltA-sdhCDAB-
sucABCD. The acnB, fumAC, gltA, sdhBCD and sucBCD genes involved in the TCA cycle 
were positively regulated by the AHL pathways at 30°C (Table S1). The acetyl-CoA 
synthetase (acs) pathway was also positively regulated. Acs scavenges acetate present in 
extracellular environments at low concentrations, and it has been shown that acs down-
regulation leads to carbon catabolite repression in E. coli (50). Succinate dehydrogenase 
(sdh) is induced by aerobic growth on non-fermentable carbon sources and is associated with 
catabolite repression by glucose in E. coli as well (22). This implies that the AHL pathways 
may play pivotal roles in carbon and energy metabolism.  
Yersinia pestis possesses a glycoxylate shunt pathway and a frameshift mutation has been 
detected in the transcriptional regulator iclR. This mutation leads to a constitutive glyoxylate 
bypass phenomenon (21). The glyoxylate bypass pathway genes aceABK are positively 
regulated by the AHL pathways at 30°C (Table S1). The glyoxylate cycle is an anaplerotic 
carbon assimilatory pathway of the TCA cycle that allows growth on C2 compounds such as 
acetate and fatty acids from the blood meal by bypassing the CO2-generating steps of the 
TCA cycle. The isocitrate lyase (ICL) and malate synthase (MS) convert isocitrate to 
succinate or to malate via glyoxylate. There is evidence that ICL encoded by the aceA gene 
facilitates Mycobacterium tuberculosis persistence in a murine model (32) and that ICL is 
essential for Salmonella enterica serovar Typhimurium persistence during chronic infection, 
but not for acute lethal infection in mice (18). However, the ICL in Y. pestis was found to be 
non-essential for flea infection or virulence in mice (44). Up-regulation of the glyoxylate 
bypass pathway and the fadABH operon involved in degradation of small molecules by AHL 
QS at 30°C suggests that following depletion of glucose, Y. pestis can utilize fatty acids as a 
carbon source from the blood meal although fatty acids are thought to be toxic substrates to 
E. coli. There is evidence that Y. pestis can constitutively take up and degrade fatty acids by 
maintaining high basal levels of the enzymes of ß-oxidation (35). Therefore, up-regulation of 
aceABK in Y. pestis by AHL quorum sensing is likely to be important for flea colonization 
and/or fitness for mammalian infection.  
Genes involved in carbohydrate metabolism such as lamB and malEFGKMQSZ (maltose 
transport and metabolism), mglABC (galactose transport), galEKT (metabolism of galactose), 
treBC (trehalose metabolism), and gatY (tagatose metabolism) were up-regulated by AHL 
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QS at 30°C (Table S1). These results suggest that following depletion of glucose as AHL QS 
proceeds, alternative growth substrates present in blood, such as maltose, galactose, tagatose, 
and trehalose would then be utilized (27). Trehalose is the major disaccharide in the insect 
hemolymph reaching concentrations as high as 1-2% (6) whereas blood glucose 
concentrations are around 0.1% and can be quickly consumed in the flea gut. Trehalose is 
also the primary carbohydrate energy source for muscular activity used by insects during 
flight (47). Therefore it is an abundant energy source. gatY is also up-regulated in the 
luminescent bacteria Photorhabdus luminescens when they infect insect Galleria mellonella 
larvae (37). These results reflect rearrangements of metabolic substrates available inside the 
flea gut as glucose is depleted and demonstrates Y. pestis’s ability to respond and optimize its 
growth in the flea environment.  
nanT encoding a putative sugar transporter was up-regulated over 22 fold at 30°C by 
AHL QS. nanT is required for sialic acid uptake in E. coli (30). Sialic acid was also found to 
function as a cue to enhance Streptococcus pneumoniae biofilm formation in vitro at 
concentrations similar to physiologic conditions and thereby enhance colonization of the host 
(48). This may imply that the two AHL quorum sensing systems can up-regulate biofilm 
associated genes in Y. pestis.  
The urease operon ureBC was also up-regulated during AHL QS at 30°C. Although 
bacterial urease activity is often associated with pathogenicity such as in Helicobacter pylori 
where the ureBC enzymes catalyze the decomposition of urea to NH3 and CO2, it is 
nonfunctional in Y. pestis due to a frameshift mutation in ureD (43).  
Additionally, sucCD were also up-regulated during AHL QS. The sucCD gene products 
are required for anaerobic growth in E. coli (31), but little is known about the flea gut 
environment. If plugged by Y. pestis biofilms, it is likely that the flea gut environment might 
be microaerophilic, possibly tending toward anaerobiosis, although this has not been 
measured. Thus, Y. pestis may up-regulate sucCD as the population density increases to help 
survive in low oxygen environments. 
Differentiation of the two AHL pathways 
To differentiate the effects of the two AHL pathways, strains with single mutations in 
ypeIR and yspI were examined by transcriptional analysis. Overall, fewer genes were 
differentially expressed in the single gene deletion strains than in the double mutation strain 
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(Table 2) suggesting that the pathways are often synergistic in their effects. There are 464 
non-overlapping genes regulated by the Ysp and Ype pathways at 30°C (Table S9). Our data 
suggest that Ype or Ysp are more likely to activate or repress different target genes. For 
example, the feoA and feoB transcripts were negatively regulated by the absence of the Ype 
pathway, but in the absence of the Ysp pathway, feoA is slightly positively regulated (fold 
change of 1.23) and feoB is negatively regulated. This brings into question whether feoA and 
feoB are part of a single operon or whether our data is incorrect. To resolve this issue, we 
performed RT-PCR reactions to determine if feoA and feoB are on the same mRNA 
transcript. Figure 1 shows that they are not on the same transcript and so can be regulated in 
different ways as demonstrated by our microarray data.  
 
 
 
Figure 3.1. Analysis of feoA and feoB by RT-PCR. Reactions were performed as 
described in the Materials and Methods. A. Organization of feoA and feoB in the CO92 
chromosome. Numbers represent the location in the chromosome. 319 bp separate the two 
genes. B. Gel showing size of RT-PCR products. Lane 1, molecular weight markers; RNA 
templates: lane 2, feoA-specific primers; lane 3, feoB-specific primers; lane 4, primers 
spanning feoA and feoB; genomic DNA template: lane 5, feoA-specific primers; lane 6, feoB-
specific primers; lane 7, primers spanning feoA and feoB. 
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In some genes at 30°C, only the Ype pathway is important. These include YPMT1.34A 
(hypothetical), YPO0303 (fimbrial chaperone), psaE (putative regulatory protein), psaF 
(membrane protein), ysuF (ferric iron reductase), ysuJ (decarboxylase), YPO1838 
(membrane protein), htpG (heat shock protein) and YPO3136 (hypothetical). When ypeI was 
deleted in either the single or double mutant, these genes were all activated. Thus, a second 
level of transcriptional regulation was impacting these genes independent of the AHL 
pathways. Since these experiments were performed under full QS conditions, this second 
regulator could be AI-2. The Ype pathway would then repress transcription under these 
conditions.  
Conversely, the F1 operon (caf1, caf1AM and YPMT1.81c), pst (pesticin), YPO3681 
(insecticidal toxin), YPO1321 (serine transporter), mal operon (malFGKPQSZ) and galactose 
transporter (mglABC) were all negatively regulated by the Ysp pathway at 30°C (Table S2) 
but not by the Ype pathway (Table S3). Examples of genes negatively regulated by the Ype 
pathway but not by the Ysp pathway include the psa operon psaEFAB (responsible for 
synthesis and transport of the PsaA fimbriae that enhances resistance to macrophage 
phagocytosis), virFG, YPO0871 and YPO3653.  
The maltose operon, murine toxin, metK (S-Adenosylmethionine synthetase), katY 
(catalase-peroxidase) and the caf operon (synthesize F1 capsular antigen) are negatively 
regulated by the Ysp pathway at 30°C (Table S3), but these gene transcripts were not 
significantly different in the absence of ypeI (Table S2). Conversely, psaABEF (adhesion pH 
6 antigen) and uspA (a universal stress protein) were negatively regulated by the Ype 
pathway at 30°C but were not differentially expressed in the absence of yspI. The Ype 
pathway at 30°C down regulates yscW (virG), a major virulence factor involved in the export 
of the Yops effector proteins. These proteins disrupt the primary function of host 
macrophages (7). In addition, the Ype pathway also down regulates virF, the major 
thermoactivator of the Yersinia Yops regulon (12). Neither of these genes are differentially 
expressed by the loss of the Ysp pathway. These results suggest that these AHL pathways 
may function independently in the cell as transcriptional repressors. 
The expression of pathogenicity related genes is often dependent on physicochemical 
parameters, including: temperature, oxygen, osmolarity and Mg2+ concentration (26, 42, 45). 
Bacterial osmolarity is carefully regulated, and that regulation is essential for cell growth and 
division. At high osmolarity, glycine betaine is taken up to raise the osmolarity of the 
cytoplasm to inhibit loss of water and shrinkage of the protoplast (3). The proWXV operon 
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(glycine betaine transport) was up-regulated by the Ype pathway at 30°C (Table S2), 
implying that Ype QS is involved in the regulation of glycine betaine transport to maintain 
the cell osmolarity at 30°C. As nutrients and water become limited in the flea gut, this may 
be critical to the long-term survival of Y. pestis.  
Nitrate assimilation is affected by the Ysp pathway at 30°C. glnK (nitrogen regulatory 
protein P-II 2) and glnA (glutamine synthetase) are up-regulated by Ysp QS. Glutamine 
synthetase GlnA brings nitrogen into the general metabolism by condensing ammonia and 
glutamate to yield glutamine. GlnK is a trimer and GlnK is uridylylated on Tyr51 in response 
to nitrogen deficiency. Escherichia coli cells lacking GlnK show more rapid loss of viability 
during nitrogen starvation than wild type control (8) suggesting that the Ysp pathway may 
trigger a protective response during nitrogen starvation in the flea midgut.  
The TonB dependent pathway is important for iron-bearing siderophores, vitamin B12, 
group B colicins and various bacteriophages to gain entry into the cells. tonB (transporter 
protein) was up-regulated by Ysp QS at 30°C (Table S3). There is evidence that TonB also 
plays a role in biofilm formation, and a tonB1 mutant decreased 3-oxo-C12-AHL QS signal 
secretion in Pseudomonas aeruginosa (1). To produce a transmissible infection, Y. pestis 
colonizes the flea midgut and forms a biofilm in the proventricular valve. These results imply 
that Ysp QS participates in biofilm formation inside the flea midgut by the regulation of 
tonB.  
At 30°C under full QS conditions, the loss of either AHL pathway, Ype or Ysp, resulted 
in increased transcription of several genes: the galactose transport pathway mglAC, 
YPO2012, fadBD, YPO3648, YPO3649, YPO3650, YPO2746, lsrD, and YPO1993 
(dehydrogenase)(Table S10). Thus, the two AHL pathways work in unison to moderate 
expression of these genes. When one is missing that moderation is lost and transcription is 
increased in the presence of the one remaining pathway. When both pathways are missing, 
transcription is reduced showing that the AHL pathways function together to activate these 
genes (Table S1).  
There are 40 common genes regulated by the Ysp and the Ype pathways in Y. pestis at 
30°C. These include yopT, sycT, lsrD, deoD, nhaR, crgaA, agaZ , pim (pesticin immunity 
protein) and emrB (multidrug resistance protein B) were all positively regulated by both 
AHL pathways. The Mg2+ transporter mgtC that responds to a low Mg2+ environment was 
up-regulated in control cells when compared to both single AHL mutants at 30°C. mgtC is 
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also up-regulated in the flea in the normal genetic background (49) suggesting that either 
AHL pathway can play a role controlling Mg2+ transport. MgtC is a virulence factor known 
to be important for survival of Y. pestis and other Gram-negative bacteria such as Brucella 
suis, Salmonella enterica serovar Typhimurium and Mycobacterium tuberculosis in 
macrophages (28). Surprisingly, mgtC was down-regulated in control cells during maximum 
QS in the absence of both AHL pathways (ΔypeIR ΔyspIR) at 30°C suggesting that at least 
one AHL pathway is required for proper mgtC regulation. 
There were two common genes regulated in two directions, gltP (proton-glutamate-
aspartate symporter) was negatively regulated by Ysp and positively regulated by Ype. 
YPO2148 (putative multidrug resistance protein) was negatively regulated by Ysp but 
positively regulated by Ype.  
The effect that temperature had on gene transcription under QS conditions was 
unexpected. According to the number of significantly regulated genes in six microarray 
experiments (Table 2), our results demonstrated that overall more genes were regulated at 
30°C than at 37°C. This suggests that QS has more importance in the flea vector than in the 
human host. The reason for this is unclear, but Bobrov, et al. reported that the quantity of 
AHLs in Y. pestis, especially N-(3-oxohexanoyl)-homoserine lactone, is lower at 37°C (9), 
and that the AHL ring moiety is not stable at 37°C and can be opened (9). It would seem that 
the high concentration of AHLs added in our study (5 µM) could compensate for this loss, 
but perhaps the higher temperature is having indirect effects through signal degradation. 
More likely, temperature is dampening the QS response by unknown mechanisms.  
At 37°C in contrast to the 30°C effect, the Ype pathway serves as a repressor of gltp 
(proton glutamate symport), moderating the QS response in this gene (Table S11). In agaZ 
(tagatose 6-phosphate kinase) and cspC (cold shock protein), transcription was increased in 
the control in the presence of the Ysp pathway as shown by lower transcription levels in 
either the single or double yspI mutant (Table S11). In YPO0821 (hypothetical), YPO0822 
(exported protein) and yapM (autotransporter), transcription was decreased if either AHL 
pathway was lost suggesting they can function in unison.  
Unexpected was the effect that the addition of AHLs to non-QS cells on maltose 
metabolism at 30°C. Previously, it was shown by LaRock et al. that mal gene expression was 
up-regulated when AI-2 and AHLs were added simultaneously to non-QS cells but not when 
only AI-2 was added (unpublished data). However, when only the AHLs were added, the 
 65  
maltose regulon was down-regulated suggesting that the three QS pathways can work in 
concert in undefined ways.  
In summary, AHL-based QS is important for physiological processes and metabolic 
adaptation to the flea gut environment. This is likely due to the host-dependent lifecycle with 
its unique nutrient availabilities for each host. The growth of Y. pestis inside the flea gut is 
often restricted by the availability of nutrients after Y. pestis blocks the flea proventriculous 
preventing additional blood meals. Up-regulation of the glyoxylate bypass pathway, maltose 
and galactose metabolism genes allows Y. pestis to utilize fatty acids or acetate, maltose and 
galactose may enhance the survival of this organism in the flea gut.  
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Abstract 
The AI-2 quorum-sensing system has been linked to diverse phenotypes and regulatory 
changes in pathogenic bacteria. In the present study, we performed a molecular and 
biochemical characterization of the AI-2 system in Yersinia pestis, the causative agent of 
plague. In strain CO92, the AI-2 signal is produced in a luxS-dependent manner, reaching 
maximal levels of 2.5 µM in late logarithmic growth, and both wild type and pigmentation 
mutant strains made equivalent levels of AI-2. Yersinia pestis CO92 possesses a 
chromosomal lsr locus encoding factors involved in the binding and import of AI-2, and 
confirming this assignment, an lsr deletion increased extracellular pools of AI-2. To assess 
the functional role of AI-2 sensing in Y. pestis, microarray studies were conducted comparing 
the ∆pgm strain R88 to a ∆pgm ∆luxS mutant or a quorum sensing-null mutant ∆pgm ΔypeIR 
ΔyspIR ∆luxS at 30°C and 37°C to mimic the flea midgut and mammalian host temperatures, 
respectively. Our data suggests that AI-2 quorum sensing is associated with metabolic 
activities and oxidative stress genes that help Y. pestis survive at the host temperature 37°C. 
This was confirmed by hydrogen peroxide killing tests with the luxS mutant showing 
increased sensitivity, suggesting a potential requirement for AI-2 in evasion of oxidative 
damage. Altogether, this study provides the first in depth analysis of AI-2 signaling in Y. 
pestis and outlines a potential role for the system in stress response. 
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Introduction 
Yersinia pestis, the etiologic agent of plague also called Black Death, has killed over two 
hundred million people throughout recorded history (1). It has two transmission routes, the 
most common is through flea bites, and the other is airborne droplets. The lifestyle of Y. 
pestis is complex and involves two distinct life styles, the flea midgut and mammalian hosts 
(2). The distinct environments in which Y. pestis must survive require complex gene 
regulatory mechanisms to conserve energy. Gene regulation in Y. pestis is also responsive to 
temperature shifts between the ambient temperature of the flea and the human host (5), 
complicating the regulatory circuits and data analysis.  
Quorum sensing (QS) is a process of cell-to-cell communication that secretes, detects, 
and responds to autoinducers (AI). Yersinia pestis possess two conserved QS systems, the 
AI-1 pathway that utilizes acyl homoserine lactones as signals, and the LuxS pathway that 
responds to the AI-2 autoinducer (4). The AI-2 signaling pathway is common to many 
bacteria through homologues of the luxS gene. LuxS generally has two functions, one is to 
generate the major methyl donor S-adenosylmethionine, the other is to detoxify S-adenosyl-
L-homocysteine (SAH) to homocysteine and 4,5-dihydroxy-2,3-pentandione (DPD). DPD 
undergoes further cyclization rearrangements to yield AI-2 (7). AI-2 is derived from the 
ribose moiety S-ribosylhomocysteine. It has been proposed to serve as a universal signaling 
molecule for inter-species communication (7). In E. coli and Salmonella, the AI-2 signal is 
the ligand for a periplasmic protein LuxP homologue (LsrB) and is detected by the ATP 
binding cassette (ABC) transporter LsrACDB receptor on the cell membrane. AI-2 
internalization is dependent on the Lsr transporter (luxS regulated). The lsr operon contains 
seven genes in the organization lsrACDBEFGR, and its transcription is induced by the 
presence of AI-2. The four promoter-proximal genes, lsrACDB, encode the components of 
the AI-2 importer (37). The gene lsrR encodes a repressor of the lsr operon but is a 
pesudogene in Y. pestis, suggesting that AI-2 synthesis is constitutive in that species.  
Whether or not AI-2 quorum sensing is crucial in Y. pestis pathogenesis is unclear. There 
is some evidence that mice challenged with a ∆luxS::Kan mutant did not show a loss of 
virulence as determined by the LD50 (4). The role that QS via AI-2 plays in controlling the 
expression of virulence genes is not clear because the number and types of genes controlled 
by QS have not been studied systematically. To obtain a better understanding of the role of 
AI-2 quorum sensing in Y. pestis as it adapts to two distinct environments, we performed 
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transcriptional profiling experiments to identify AI-2 QS-regulated genes and networks at 
30°C representing the flea temperature and 37°C representing the mammalian host 
temperature. Our results indicated that AI-2/LuxS quorum sensing is important for Y. pestis 
adaptation and survival in those diverse host environments. 
Materials and Methods 
Bacterial Strains and Culture Conditions. The strains and plasmids used in this study 
are described in Table 4.1. Y. pestis strains were derived from a Pgm deletion mutant of 
strain CO92 (9) and maintained in either Heart Infusion Broth (HIB) or Brain Heart Infusion 
Broth (BHI). For all microarray experiments, Y. pestis strains were grown overnight in HIB 
at 30°C. These overnight cultures were diluted 1:100 in fresh HIB culture medium and 
incubated at 30°C or 37°C until the cell density reached OD600 = 1.0, about 9-10 h. This was 
an optical density at which the culture demonstrated maximum induction of AI-2 under the 
conditions tested (Fig. 4.1). For 37°C cultures, 2.5 mM calcium chloride (final concentration) 
was added. Cell growth was monitored on a Bausch and Lomb Spectronic 20 
Spectrophotometer at wavelength 600 nm. For experiments measuring AI-2 production, Y. 
pestis cells from glycerol stocks stored at –80°C were streaked onto BHI slants, containing 
appropriate antibiotics, and grown at 30°C for approximately 24 h. Cells were washed off 
slants using 5 ml BHI, with appropriate antibiotics, and grown overnight (~12 h) at 30°C 
with shaking. The overnight culture was then used to inoculate fresh BHI at 1:500.  
Escherichia coli strains were maintained in Luria-Bertani (LB) broth and V. harveyi were 
maintained in autoinducer bioassay (AB) medium (12). Antibiotic concentrations (in µg/ml) 
used in bacterial cultures were: kanamycin (Kan), 50; chloramphenicol (Cam), 10; ampicillin 
(Amp), 100.   
Strain construction. The Y. pestis ∆luxS::Cm mutant (strain YP21) was constructed by 
bacteriophage lambda Red-mediated recombination. Briefly, a chloramphenicol antibiotic 
resistance cassette was amplified from pKD3 or pKD4 (8) using oligonucleotides YpluxS-S 
and YpluxS-AS (Table 4.3). Purified PCR products were electroporated into strain R88 
carrying plasmid pRedET (33). Individual chloramphenicol (CmR) colonies were selected at 
30°C and cultured at 37°C to screen for loss of pRedET. A similar luxS knockout mutation in 
R88 was also constructed with a kanamycin marker using pKD4 (8) as template with the 
same primers, creating strain ISM1980.   
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Table 4.1. Bacterial strains used in this study. 
Strain or plasmid Genotype Source or reference 
Escherichia coli   
BW25141 Cloning strain (8) 
ER2566 Overexpression strain New England Biolabs 
AH-pfs ER2566 / pET28a-pfs (KanR) This work 
AH-luxS ER2566 / pET28a-luxS (KanR) This work 
AH1070 ER2566 / pET28a-lsrB (KanR) This work 
   
Yersinia pestis   
CO92 Yersinia pestis Lcr+ Pgm+ (9) 
R88 CO92 Lcr+ ∆pgm R.D. Perry 
R115 
CO92 Lcr+ ∆pgm ΔypeIR ΔyspIR 
∆luxS::Kan R.D. Perry 
ISM1980 R88 ∆luxS::Kan This work 
YP21 R88 ∆luxS::Cm This work 
YP23 R88 ∆luxS::Cm / pJET1.2 (AmpR) This work 
YP21 R88 ∆luxS::Cm / pJET1.2-luxS This work 
YP26 R88 ∆lsr::Kan This work 
   
Vibrio harveyi   
MM32 luxN::cm, luxS::Tn5kan (23) 
   
Plasmids   
pET28a Over expression vector (KanR) Novagen 
pET28a-pfs Pfs expression vector (KanR) This work 
pET28a-luxS LuxS expression vector (KanR) This work 
pET28a-lsrB LsrB (D2-25) expression vector (KanR) This work 
pJET1.2 cloning vector (AmpR) Fermentas 
pJET1.2-luxS luxS complementation vector (AmpR) This work 
A luxS complementation plasmid was constructed by amplifying the luxS gene using 
primers Yp-luxS.S and Yp-luxS.AS. The PCR product (~0.8 kbp) was gel purified, blunt 
ended and cloned into the vector pJET using the CloneJET PCR cloning kit (Fermentas). A 
luxS overexpression plasmid was constructed by amplifying the luxS gene by PCR using 
oligonucleotides forluxS and revluxS. The PCR product was cut with NheI and HindIII and 
ligated into pET28a (Novagen) cut with the same enzymes. A pfs overexpression plasmid 
was constructed by amplifying the pfs gene by PCR using oligonucleotides forpfs and revpfs. 
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The PCR product was digested with NdeI and BamHI and cloned into pET28a cut with the 
same enzymes.  
Table 4.2. The numbers of significant regulated genes by different transcriptional studies 
Microarray Design p < 0.05 GEO Number 
 30°C 37°C 30°C 37°C 
R88 vs. ISM1980 (∆luxS::Kan) 259 615 GSE30108 GSE22849 
R88 vs. R115 (ΔypeIR ΔyspIR ∆luxS::Kan) 216 194 GSE20217 GSE21911 
R88 treated vs. AI-2 untreated 193 28 GSE30237 GSE22848 
R88 treated vs. AI-2 plus AHLs untreated 766 27 GSE30109 GSE22846 *	  All	  with	  Fold	  Change	  >	  1.5	  
In similar fashion, a Y. pestis ∆lsr::Kan operon deletion (strain YP26) was constructed.  
Oligonucleotides YplsrA2-ko.S and Yplsr-ko.AS were used to amplify a kanamycin 
antibiotic resistance cassette from pKD4 (2). Purified PCR products were electroporated into 
R88 carrying plasmid pRedET, and ∆lsr::Kan mutants were isolated as described above. 
Pfs and LuxS purification. Plasmids pET28a-pfs or pET28a-luxS were then transformed 
into E. coli expression strain ER2566 by electroporation. For purification of either protein, 
the expression strain was grown overnight and inoculated 1:200 into 2 L of LB supplemented 
with Kan. Cultures were grown at 37°C to an OD of ~0.6 at 600 nM and induced with 1 mM 
isopropyl-β-D-thiogalactopyranoside for 2 h. Cells were harvested by centrifugation at 6000 
x g for 10 min and suspended in 25 ml of ice-cold equilibration buffer (0.5 M NaCl, 5 mM 
imidazole, and 20 mM Tris pH 7.9). Cells were lysed with 3 ml of 10X BugBuster 
(Novagen) on a nutating mixer at 4°C for 2 h. Insoluble debris was removed by 
centrifugation at 30,000 g for 35 min, and the cleared cell lysates were loaded onto 5 ml 
columns containing His-Select Resin (Sigma) equilibrated at room temperature with 
equilibration buffer. The columns were washed with 30 ml of equilibration buffer followed 
by 50 ml of wash buffer (0.5 M NaCl, 60 mM imidazole, and 20 mM Tris pH 7.9), and then 
Pfs and LuxS proteins were eluted with 50 ml of elution buffer (0.5 M NaCl, 1 M imidazole, 
20 mM Tris pH 7.9). Fractions containing Pfs and LuxS proteins were identified by SDS-
PAGE. Pooled fractions were concentrated using 10 kDa cutoff Amicon Ultra Centrifugal 
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Filters (Millipore) and dialyzed against 10 mM Tris pH 7.5 using 10 kDa cutoff Slide-A-
Lyzer Cassettes (Pierce). The protein concentration of the purified enzymes was determined 
by Bradford assay (BioRad), and glycerol was added to a final concentration of 33% before 
the Pfs and LuxS proteins were flash frozen at concentrations of 23 mg/ml and 28 mg/ml, 
respectively, by dripping the protein solutions into liquid nitrogen. Frozen pellets of Pfs and 
LuxS were stored at –80°C until used for biosynthesis of AI-2. 
Table 4.3. Primers 
Cloning      
Name Sequence (5´ – 3´)*  
YpluxS-S ATGCCATTATTGGATAGCTTTACCGTAGACCATACCATTATGAAAGCAGTGTAGGCTGGAGCTGCTTC 
YpluxS-AS AATATGCAATTCAGTCAGTTTCTCTTTCGGCAGTGCCAACTCTTCGTTCATATGAATATCCTCCTTAG 
YplsrA2-ko.S AGAGGCAAGGAGCCTTCCAAAGAGACGTCGTCAACCCACAATCCATGTGTAGGCTGGAGCTGCTTCG 
Yplsr-ko.AS CTAAGGCATTAGGCCGATAAATACCGTTTTTTTGCGTGGCCCCGTCATATGAATATCCTCCTTAG 
Yp-luxS.S GAGTATTTAGCGCTTCATGGTGGC 
Yp-luxS.AS ACTGACCCAAAGCTGAAAGC 
forluxS GTTGTTGCTAGCATGCCATTATTGGATAGCTTTACCG 
revluxS GTTGTTAAGCTTCTAAATATGCAATTCAGTCAGTTTCTC 
forpfs CAGCGAGTATCCATATGAAAGTAGG 
revpfs GTTGTTGGATCCCATCATTAACCGCGTTGCGCC. 
   
qRT-PCR   
Gene Forward  (5´ – 3´) Reverse  (5´ – 3´) 
aceA AGATGTCTTGGGTGTACCAACGCT AGCAGTACGGTCGCCGGTAATAAA 
agaZ GTGCAGCCTGGTGTTGAGTTTGAT AATCGGTGGAGTGGGCTTCGAATA 
caf1 AACTTTACAGATGCCGCGGGTGAT AGCGAACAAAGAAATCCTGGCTGC 
deoB ATCTGCCGGGCTATTTGGGTAACT GGGCAATTTCGCACAGCTCATACA 
fruK GATCAACGTTGCCAAGGTGCTGAA AGTCACTTCGCCATCTTTCTCGGT 
galT CAATCGCCCATGCTGCTGGATTAT TAAGGCACTACCGCTAGCCAATGT 
gltP ATGCGAAGAAACTTGGCCGGATTG TCAACGACGGTTAGCGCAGACATA 
katY ACCGATGTCAGTTCTTTCGCGGTA TCAGGCACGGTCAGTTCCAGTTTA 
*Underlined sequences are restriction sites included for cloning purposes. 
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Table 4.3. Continued. 
Gene Forward  (5´ – 3´) Reverse  (5´ – 3´) 
lamB ATCTGGGCCGGTAAGCGTTTCTAT TCGATAGTTTCAAGACCGGCACCT 
lcrV AATACACAATGGGAATTGCGGGCG ATTCTTCACGCAACTTGCTACGGG 
leuB ACCCTTCCCAATTTGACGTGTTGC TCTGAGCGATAGGGTTGGCAATGT 
lsrB ATCAATGTTGGTGGATATGGCCGC ATTGACCCACTGGTTCTGATCGGT 
lsrG TGTTAAGGGACGAGCATATCCCGA TGCGGTGTTGTCTTATGAATGGCG 
malE ACCGTACTTCACTTGGCCCGTTAT TACGCCCACGTTCTTCGCATCATA 
malG TGGCGTTGTATGCCTTGTTTGACC AATGCTGCCGCTTCTTCCAATGAG 
metE AATTAAACCTGTGCTGCTTGGCCC ACCAATGCTGGCTCATCAATCTGC 
ompW ACCTAATGCCGGGTCTGATGATGT GCTGCCAGCAATTCAACACCGATA 
pla AGGCTGGTTACTCCAGGATGAGAA ACCACCTGTAGCTGTCCAACTGAA 
proX AATGTCGCCTACTCCTCCATTGCT ATCAGATAACCCTGTGCCAAGCCT 
psaA  TGAGGTGACTGTCAAGCAGGGAAA CCTGTTGGAATCAAACGCCAACCA 
psaE CGGTGATGTGATCTCCCATGATGA AATAGCAACCGGCAGTGATGTTGG 
terY GGTTCAAATGCTGTTGTCCACGCT CCATTTGCCACCAACTCAGGCAAT 
uspA ATCTCGGCGATATGCAGAAGCGTA TAATGGCATCAACCAGAACCTGGC 
virF TATTTCTCTCGGCTCTGCGCCATT GCGCGTGGTGAAATGCCATAAACT 
yapM CGTGATGCTCAAACAGCCATTCGT GCAGCGCCTTGATAGGCAAAGTTA 
yfiA TCGTAAACACGTTGAGGACCGTCT ACATATCATCATGCTTGGCGCTGG 
yopT GCACACCGAGTGAAAGTGGAAACA GAAGGTAAAGCTGCTGCGTTGGTT 
YPO0499 GCACCATATCAGTGAGCAAGCCAA TAATGGCGGTTCTTCCGATTGAGG 
YPO4086 TTTGACTCACACCAGCAGTAGCCA AGCCGGTATCGTCATCTTTGAGCA 
yscD ACCTTTGCCAGAGACGTTACAGGT ATCCTGGTTATACTCGCGCCACAA 
 
AI-2 biosynthesis. AI-2 was biosynthesized from S-adenosylhomocysteine in a two-step 
enzymatic process that used purified Y. pestis Pfs and LuxS enzymes, analogous to that 
described for the in vitro synthesis of AI-2 using purified Vibrio harveyi enzymes (28). In the 
first reaction, S-adenosylhomocysteine (SAH) was converted to S-ribosylhomocysteine 
(SRH) and adenine by the enzymatic action of Pfs. Specifically, 10 mM SAH in 50 µl of 50 
mM Tris-HCl, pH 7.5, was incubated at 25°C with 4.2 µM purified Y. pestis Pfs (see 
description of Pfs purification). The reaction progress was monitored by measuring the time-
dependent decrease in absorbance at 276 nm, which is due to adenine having a lower 
extinction coefficient than adenosine, and found to be complete within 1 h. After 4 h of 
incubation, the Pfs reaction was passed through an Amicon Ultra centrifugal filter device 
with a 5 kDa cutoff (Millipore) in order to remove the Pfs enzyme. In the second step of the 
biosynthesis, S-ribosylhomocysteine produced by the Pfs reaction was enzymatically 
converted by LuxS to homocysteine and 4,5-dihydroxy-2-3-pentanedione (DPD), which 
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spontaneously cyclizes to form bioactive AI-2. This was accomplished by adding purified Y. 
pestis LuxS (see description of LuxS purification) to the 5 kDa-filtered Pfs reaction at a 
concentration of 2.5 mg/ml and allowing the mixture to incubate at room temperature for up 
to 24 h. Production of DPD was monitored indirectly by periodically determining the 
concentration of homocysteine using Ellman’s Reagent (5,5’-dithiobis-(2-nitrobenzoic acid) 
or DTNB), since the LuxS reaction produces equimolar quantities of DPD and homocysteine. 
Specifically, 15 µL of the LuxS reaction was removed periodically and mixed with 985 µL of 
100 µM DTNB in 100 mM Tris, pH 8.0, and the absorption at 412 nm was measured and 
converted to a molar concentration using an extinction coefficient of 14150 M-1 cm-1. LuxS 
was removed from the reaction by passage through an Amicon Ultra centrifugal filter device 
with a 5 kDa cutoff, and aliquots were frozen and stored at –20°C until used for 
bioluminescent or microarray assays.  
V. harveyi AI-2 bioassay. For all experiments measuring growth dependent production 
of AI-2 by Y. pestis, the cultures were grown from an overnight culture described above 
using the following procedure. Cells were diluted 1:500 in 5 ml of fresh HIB and grown at 
30°C with shaking for ~20 h. This culture was diluted 1:1000 in 50 ml of fresh HIB, and AI-
2 production was measured. At the indicated time points, 1 ml of culture was removed and 
the optical density (OD) at 600 nm was measured using a Tremo Spectronic GENESYS 20 
spectrophotometer, and then 600 µl (of the 1 ml) was sterilized using 0.22 µM Costar Spin-X 
centrifuge tube filters (Corning). The sterile conditioned media was diluted 1:10 and 1:100 
with HIB (1 ml was prepared for each dilution) and all tubes were frozen and stored at –80°C 
until the AI-2 concentration was measured.  
AI-2 concentrations were measured using the MM32 V. harveyi reporter strain (23). This 
strain will only produce light when AI-2 is supplied exogenously since it has deletions of 
luxN and luxS (Table 4.1) that render it incapable of sensing homoserine lactones or 
synthesizing AI-2. For measurement of AI-2 concentrations, an overnight culture of MM32 
grown in AB media was used to inoculate fresh AB media at 1:500 and after ~1 h of growth 
at 30°C with shaking, 180 µl aliquots of the MM32 culture were transferred to 96-well 
microtiter plates (Costar 3603) to which 20 µl of Y. pestis conditioned media (4 wells per 
dilution per time point) had already been added. After mixing, the final dilutions of the 
conditioned media relative to the Y. pestis culture were 1:10, 1:100, and 1:1000. The 
microtiter plates were incubated at 30°C with shaking and at 2 h intervals (for 10 h) the OD 
at 595 nm and luminescence were measured using either a Tecan GENios or a Tecan Infinite 
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200M microtiter plate reader. The luminescence values and AI-2 concentrations reported are 
those measured after 6 h of MM32 growth.  
AI-2 induced luminescence by MM32 was converted to a molar concentration by 
developing a standard curve using known signal concentrations of biosynthesized AI-2. The 
standard curve was made using the same MM32 culture used to measure AI-2 in conditioned 
media, and OD and luminescence measurements were taken at the same time points in order 
to minimize differences. Luminescence values, measured at 6 h of MM32 growth, were 
normalized to OD595 and plotted versus AI-2 concentration. The resulting plot of OD-
normalized luminescence versus AI-2 concentration was fit to a 5 parameter logistic fit using 
KaleidaGraph software (Synergy Software). The resulting standard curve was used to convert 
OD-normalized luminescence values measured for Y. pestis conditioned media to molar AI-2 
concentrations.  
AI-2 levels in Y. pestis CO92. Virulent strain Y. pestis CO92 was obtained from the 
Biodefense and Emerging Infections Research Resources Repository. The strain was 
maintained and grown in the BSL-3 facility in the Department of Veterinary Microbiology 
and Preventive Medicine, Iowa State University, according to established protocols. For the 
AI-2 time course, the CO92 strain was grown in HIB in a similar manner as described above. 
Spent media was collected at the indicated time points, sterilized using a 0.22 micron filter, 
and confirmed as being culture negative. Samples were saved and tested for AI-2 as 
described above. 
Microarray experimental design. For each microarray experiment, the transcriptomes 
of the luxS mutant (ISM1980) or the triple luxS yspIR ypeIR mutant (R115) were compared 
with the CO92 ∆pgm isogenic parent strain R88 using microarrays. In these experiments, the 
cells were harvested at mid to late log phase (OD600 = 1.0) when the cells were in full 
quorum sensing mode (Fig. 4.1). The cells were grown at 2 different temperatures, 30°C and 
37°C to account for both the flea and human life styles. Two additional experiments were 
performed with the ∆pgm background strain in which cells were treated with purified AI-2 
signal or AI-2 plus the two acyl homoserine lactones (AHLs) produced and used by Y. pestis 
(N-hexanoyl-DL-homoserine lactone and N-(3-oxooctanoyl)-L-homoserine lactone)(Sigma) 
simultaneously at an early stage of growth prior to the cells achieving quorum sensing (Fig. 
4.1)(20). Overnight cultures were washed three times to remove any quorum sensing signals 
and diluted 1:100 in HIB. After a 2 h incubation at 30°C to establish log phase growth, either 
single AI-2 (500 nM final concentration) or three signals AI-2 (500 nM final concentration) 
 79  
and AHLs (both at 5 µM final concentrations) were added. The cells were incubated for 4 h 
at 30°C, and then the cells were isolated by centrifugation, RNA Protect Reagent (Invitrogen) 
was added, and the cells were stored at -70°C until the RNA was isolated. The control was an 
identical aliquot of cells from the same culture without added QS signals. A second identical 
series of experiments were performed with Y. pestis mutants or signals added in and 
incubated at 37°C. 
 
 Figure 4.1. Growth and AI-2 production in Y. pestis strain R88 (∆pgm) and the ∆luxS 
mutant. A. Growth of the strains with shaking in BHI at 30 °C. B. At each time point during 
growth, cell supernatants were collected, filtered, and assayed for AI-2 using the V. harveyi 
MM32 reporter strain (see Materials and Methods). In both plots, strain R88 is open circles 
and the ∆luxS mutant is in filled circles. 
For each experiment, labeled cDNAs generated from RNA from six mutant cultures 
(biological replicates) were paired with controls for hybridization on a two-color microarray 
slide. Cy3 and Cy5 dyes were used as labels, and dye assignments to control and mutant were 
reversed for three of the arrays to account for variation in labeling efficiencies (dye bias). 
Table 4.2 describes the microarray experiments performed in this study.  
!
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RNA extraction, cDNA synthesis. The cells from each culture were collected and were 
treated with RNAprotect Bacterial Reagent (Qiagen) and stored at –70°C. RNA was 
extracted from frozen cell pellets using the RNeasy Mini kit (Qiagen) following the 
manufacturer’s protocol. The RNAs were treated with DNase I (Ambion) for 30 min at 37°C 
to remove contaminating genomic DNA. PCR was used to confirm DNA removal. The 
RNAs were then centrifuged through Microcon Ultracel/YM30 filters (Millipore). Ten µg of 
total RNA from each sample was used to synthesize aminoallyl-labeled cDNA using 
SuperScript Reverse Transcriptase III (Invitrogen) and 10 µg of random hexamers 
(Integrated DNA Technologies). The frequency of dye incorporation and yield was 
determined by spectrophotometry (ND-1000 Nanodrop).  
cDNA labeling and hybridization. The microarray slides were prewashed in water for 5 
min and rinsed twice with water for 1 min. Corresponding equal amounts of dye labeled 
cDNA targets (1.5 µg) were mixed together, dried, resuspended in 225 µl Long Oligo 
hybridization solution (Corning), incubated at 95°C for 5 min, and centrifuged for 4 min at 
10,000 rpm. This solution was then injected into the hybridization station. The hybridization 
lasted for 16 hours at 42°C, and then the slides were washed in a series of wash buffers (2X 
SSC, 0.1% SDS; 1X SSC, and 0.1X SSC) by the hybridization station and dried by 
centrifugation at 1500 x g for 30 s. 
To enhance discovery of differentially expressed genes, the hybridized arrays were 
scanned three times under varying laser power and photomultiplier tube values using a 
ScanArray HT scanner (Perkin Elmer) to detect excited wavelengths as described (21). 
Image processing and normalization was performed as described (21). The normalized values 
for triplicate spots were averaged within each array to produce one normalized measure of 
expression of fluorescence for each probe sequence and each of the 12 experimental units. A 
mixed model analysis was conducted as previously described (6).  
Microarray data accession. The microarray dataset can be accessed from the National 
Center for Biological Informatics Gene Expression Omnibus using SuperSeries accession 
number GSE30342 (http://www.ncbi.nlm.nih.gov/geo/). 
Real-time RT-PCR. The SensiMixTM SYBR No-Rox One-step kit (Bioline) was used to 
run the real-time RT-PCR assay on the Mx3005P QPCR System (Stratagene). The 
quantification cycle (Cq) values were exported from MxPro 4.1 software. Three biological Y. 
pestis replicates were used and all original RNAs were equally diluted to 4 ng/µl. Each RNA 
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template was then diluted 3 times as described by the PREXCEL-Q software program (11). 
The leuB gene was used as the internal reference gene because it showed no transcriptional 
changes by microarray under any of the experimental conditions. The reaction final volume 
for each well was 15 µl and contained 7.5 µl SensiMix SYBR No-ROX One-Step, 0.6 µl of 
each primer at 2.5 µM, 0. 3 µl of 10 U/µl RiboSafe RNase Inhibitor, 5 µl RNA and 1 µl 
DEPC-water. The thermal cycling conditions include a reverse transcription step at 50°C for 
30 min; a polymerase activation step at 95°C for 10 min; 40 PCR cycles of 95°C for 30 s, 
60°C for 30 s, and 72°C for 30 s; and a melting curve step of 95°C for 1 min, 55°C for 30 s, 
and 95°C for 30 s. 
Hydrogen peroxide killing assays. Strains R88 and YP21 (∆luxS::Cm) were grown as 5 
ml overnight cultures in HIB at 30°C or 37ºC with and without 4 mM CaCl2 supplementation 
to optical densities (600 nm) of 3-4. Cells were pelleted by centrifugation and the growth 
media was decanted. The cell pellet was suspended in an equal volume of 10 mM phosphate 
buffered saline. Strains were diluted to an OD of 0.25 at 600 nM in 1 ml total volume in 15 
ml culture tubes. After treatment with hydrogen peroxide for 1 h, a 50 µl of cell suspension 
was diluted to 1 ml in PBS with 1 mg/ml catalase (Sigma) to quench the reaction. The 
samples were further serial diluted and spot-plated on HIB-agar plates and grown at 30°C to 
determine the colony forming units per ml.  
 
Results 
LuxS-dependent production of AI-2. To initiate studies on AI-2 signaling, the luxS 
gene was deleted from the ∆pgm mutant of CO92 (strain R88) using the lambda red 
recombinase resulting in strain YP21. No growth defects in YP21 were observed compared 
to the parent during grown at 30°C in rich media (Fig. 1A). For monitoring AI-2 production, 
the Vibrio harveyi MM32 reporter strain was utilized throughout this report. MM32 is unable 
to synthesize AI-2 due to a luxS mutation, and additionally the presence of a luxN mutation 
strain blocks the bioluminescent response to AI-1 (23). Thus MM32 will only bioluminesce 
in the presence of exogenously added AI-2, making it a robust and more sensitive AI-2 
reporter than the commonly used BB170 strain. The bioluminescent response of MM32 was 
confirmed through control experiments using culture supernatants from known producers of 
AI-2 (data not shown). 
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To generate a profile of AI-2 production in Y. pestis, the levels of AI-2 were monitored 
over time in R88 and its isogenic ∆luxS knockout. Cultures were grown at 30°C in rich 
media, and cell-free supernatants were assayed for AI-2 using the MM32 reporter strain. The 
R88 strain produced robust levels of AI-2 during an approximately 10 h window in late 
logarithmic phase (Fig. 4.1B). As anticipated, deletion of luxS in YP21 eliminated AI-2 
production. As the cells entered stationary phase, the extracellular AI-2 concentration in R88 
dropped off dramatically to almost undetectable levels. To confirm the role of LuxS, a 
plasmid containing the luxS gene and its native promoter were transformed into YP21 to 
create strain YP24. Compared to the empty vector control (strain YP23), the luxS plasmid 
complemented AI-2 production to levels similar to strain R88 (Fig. 4.2), indicating the lack 
of AI-2 production was not due to secondary mutations. These findings demonstrate that the 
LuxS enzyme is essential for Y. pestis AI-2 production during late logarithmic growth. 
 
 
 
 
 
 
 
 
 
Figure 4.2. Complementation of the ∆luxS mutant. Y. pestis strains R88 (open circles), 
∆luxS mutant (filled circles), and complemented strain (open triangles) were grown with 
shaking in BHI at 30°C. At each time point during growth, cell supernatants were collected, 
filtered, and assayed for AI-2 using the V. harveyi MM32 reporter strain. 
Δpgm mutation does not affect AI-2 production. The Δpgm mutation in Y. pestis strain 
R88 removes 102 kb making the strain non-pathogenic (10). Since this deletion is large and 
!
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encompasses many genes, it was important to assess the contribution of this mutation to AI-2 
production. For this comparison, a time course of the wild-type CO92 extracellular levels of 
AI-2 were compared to R88. Overall, near identical AI-2 production was observed between 
the two strains (Fig. 4.3), suggesting that the Δpgm mutation had no observable effect on AI-
2 production. Throughout the rest of this report, all studies were performed in the Δpgm 
mutant strain R88.  
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Comparison of AI-2 production in Y. pestis wild type CO92 and R88 (∆pgm). 
Y. pestis strains R88 (open circles) and wild type CO92 (filled circles) were grown with 
shaking in BHI at 30°C in the BSL-3 facility. At each time point during growth, cell 
supernatants were collected, filtered, and assayed for AI-2 using the V. harveyi MM32 
reporter strain. 
Effect of QS pathways on gene expression at 30°C. To better understand the effect that 
the LuxS and the two AI-1 pathways (Ype and Ysp) might have on the overall cellular 
physiology of Y. pestis at flea vector temperatures, the transcriptome of the triple mutant 
R115 was compared to the parent R88 during the logarithmic phase of growth at 30°C in 
HIB (OD600 = 1), a condition of maximal AI-2 levels (Fig. 4.1). A total of 216 genes were 
!
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found to be differentially expressed at least 1.5-fold at p < 0.05 (Table S1). Down-regulated 
genes in R115 are positively regulated in the R88 parent strain by the three QS pathways.  
Down-regulated genes in the QS null mutant (and thus positively regulated by the QS 
pathways in strain R88) included the lsr operon (lsrBFG) (AI-2 regulation), katY (oxidative 
stress), mglB and galKTE (galactose transport and metabolism), lamB and malMBKEFGSB 
(maltose metabolism), thiCEGH (thiamine biosynthesis), aceABK (glyoxylate bypass), 
metAEKR (methionine biosynthesis), ureABC (urease), fadAB (degradation of fatty acids) 
and yfiA (σ54 modulation protein) were all found to be down-regulated in R115. The genes 
that were up-regulated (and thus negatively regulated by the QS pathways in strain R88) at 
30°C included multiple rpl ribosomal proteins, aceEF (pyruvate dehydrogenase) and 
atpABCDEFGH (ATP-proton motive force).   
luxS regulated genes at 30°C. To better understand the role that AI-2 alone might have 
on the overall cellular physiology of Y. pestis at flea vector temperatures, the transcriptome 
of the ∆luxS::Kan mutant ISM1980 was compared to the parent R88 during the logarithmic 
phase of growth at 30°C in HIB (OD600 = 1), a condition of maximal AI-2 levels (Fig. 4.1). A 
total of 259 genes were found to be differentially expressed at least 1.5-fold at p < 0.05 and 
139 genes at p < 0.01 (Table S2). Genes up-regulated in response to the AI-2 pathway 
included katA and sodB (oxidative adaptation), agaYZ (tagatose degradation), kduD2 
(degradation of carbon compounds), malT (maltose utilization), tccC1 and tcaAC 
(insecticidal toxins), fliA (RNA polymerase sigma factor for flagellar operon) and fliQ 
(flagellar biosynthetic protein) were down-regulated in ISM1980. The genes that were down-
regulated in response to the AI-2 pathway included proVX (glycine betaine transport), yscCK 
and yopPT (Type III secretion system), metK (S-adenosylmethionine synthetase) and ampM 
(methionine aminopeptidase). 
Differentiated genes in response to purified AI-2 at 30°C. The QS signal treatment 
experiments were performed at an optical cell density where endogenous signals would have 
been marginal if even detectable (Fig. 4.1) so only the added purified AI-2 would have an 
effect on gene expression. Transcriptional analysis of AI-2 treated R88 cells compared to 
untreated cells incubated for an identical time at 30°C showed a total of 193 differentially 
regulated genes at p < 0.05 (Table S3). Up-regulated genes in the AI-2 treated cells included 
dmsABC, frdABC, glpABC and nirD (anaerobic respiration), atpBI (ATP-proton motive 
force), deoR, fruR, tyrR, ptxR, narP, psaE and mlc (broad regulatory functions), cheD 
(methyl-accepting chemotaxis protein), ackA (acetate kinase involved in degradation of 
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carbon compounds), fruK, pgi, pykA, tpiA and YPO0064 (glycolysis) and 20 membrane 
proteins. Down-regulated genes in the AI-2 treated cells included katY (catalase), terABC 
(tellurite drug resistance), acnB, fumA, gltA, sdhABCD (the tricarboxylic acid cycle), aceABK 
(glyoxylate bypass) and 7 membrane proteins of unknown function.    
Differentiated genes in response to AI-2 and both AHLs at 30°C. Transcriptional 
analysis of AI-2 plus both AHLs treated cells compared to untreated cells incubated for an 
identical time at 30°C showed a total of 766 differentially regulated genes at p < 0.05 (Table 
S4). Up-regulated genes in the cells treated with all three QS signals included katA (catalase), 
sodB (superoxide dismutase), ompW encoding putative exported protein, frdCD (anaerobic 
respiration), maltose operon, lsr operon, uspAB (universal stress proteins), urease operon 
ureABCDEF, pfkA, pgi, pkyA, tpiA and YPO0064 (glycolysis), acnA and fumC (tricarboxylic 
acid cycle), agaYZ (degradation of carbon compounds), and dmsABC (anaerobic respiration). 
Down-regulated genes in the QS signals treated cells included katY (catalase), ibpAB (heat 
shock proteins), fabABFZ and accA (fatty acid sysnthesis), lcrDF (low calcium response), 
genes involved in protein translation and modification, genes involved in iron uptake, and 
YPO1785 (detoxification), and proVWY (glycine betaine transport). 
Effect of QS pathways on gene expression at 37°C. To obtain a better understanding of 
the role of LuxS, Ype and Ysp pathways at the mammalian host temperature, we measured 
transcript levels in R115 and compared it to the triple mutant R88 at 37°C as described 
above. In this experiment, 193 genes were found to be differentially expressed at least 1.5-
fold (p < 0.05) (Table S5). Genes up-regulated in response to all three QS systems included 
lsrK (YPO0415) (kinase that phosphorylates carbon-5 of the open form of DPD), lamB and 
malMKEFG (maltose transport and metabolism), agaYZ (tagatose metabolism), gltA and 
icdA (Krebs cycle), tcaA (insecticidal toxin), yapM (YPO0823) (autotransporter), and metA 
(homoserine O-succinyltransferase). Genes that were down-regulated in response to all three 
QS systems at 37°C included yopEPT (effector proteins), sycEN (Yop chaperones), 
yscABCDEFGHIJKLMNOPQRSTXY and lcrDF (low calcium response). katA, katY and sodB 
were not differentially regulated at 37°C. 
luxS regulated genes at 37°C. To clarify the role of luxS gene at host temperature, we 
measured transcript levels in ISM1980 and compared it to R88 at 37°C as described above. 
In this experiment, 615 genes were found to be differentially expressed at least 1.5-fold at p < 
0.05 (Table S6). Genes up-regulated in response to the AI-2 included katA (catalase), katY 
(catalase), sodB (superoxide dismutase), the lsr operon (lsrABCDGFKR) (AI-2 regulation), 
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mglBC and galEKT (monosaccharide galactose uptake and metabolism), lamB and 
malMKEFGSZ (maltose metabolism), aceABK (glyoxylate bypass), acs (acetyl-coenzyme A 
synthetase), araFGH (arabinose operon), deoB (phosphopentomutase), gcsH and gcvPT 
(glycine degradation), yfiA (putative σ54 modulation protein), ail (YPO2905) (attachment and 
invasion of mammalian cells), fadABDH (fatty acid degradation), treBC (trehalose 
metabolism), terZ (tellurium resistance protein), metK (S-adenosylmethionine synthetase), 
ureABCDEFG, ompW (putative exported protein) and genes involved in Krebs cycle were all 
down-regulated in ISM1980. Genes down-regulated in response to AI-2 included rpl 
(ribosomal proteins), yopMP and yscBCDEFGHIJKLMS (Type III secretion system), 
fabABFJ (fatty acid biosynthesis), hmuSTU (hemin transport), waaL (putative O-antigen 
biosynthesis protein) and lolCDE (lipoprotein releasing system). 
Differentiated genes in response to purified AI-2 at 37°C. To decipher the role of AI-2 
signaling at mammalian host temperatures, the same AI-2 add-in study was performed as 
described above at 37°C. The results showed a total of 28 differentially regulated genes at p 
< 0.05 (Table S7). Up-regulated genes in the AI-2 treated cells with a fold change > 1.5 
included only two genes, YPO4086 (lipoprotein) and fliH (flagellar assembly protein). 
Down-regulated genes in the AI-2 treated cells at 37°C included psaAB (synthesis of the pH 
6 antigen precursor, antigen 4), mgtB (Mg2+ transport ATPase protein B), terA (tellurite 
resistance protein), ompC (outer membrane porin protein C), YPO0276, and yfiA (σ54 
modulation protein involved in broad regulatory functions). 
Differentiated genes in response to AI-2 and both AHLs at 37°C. The same three 
signals add-in study as described above was repeated at 37°C, and the array results showed a 
total of 27 differentially regulated genes at p < 0.05 (Table S8). Up-regulated genes in the 3 
signals treated cells with the highest fold change included cspa1/a2/B (cold shock proteins), 
ibpB (heat shock protein), asnA (aspartate-ammonia ligase), gntT (gluconate permease), psaE 
(regulatory protein), ompAC (cell envelop proteins), and gntT and fruAB (carbohydrate 
transport). Down-regulated genes in the three signals treated cells included two membrane 
proteins YPO0800 and YPO1499, iucC (siderophore biosynthesis protein), and metE 
(homocysteine S-methyltransferase). 
AI-2 is required for resistance to oxidative damage. There are several reports in Gram 
negative bacteria that AI-2 may be important for resistance to oxidative stress (15, 19). In 
addition, our microarray data indicated that a mutation in luxS (strain ISM1980) resulted in 
down-regulation of katY. To assess this phenotype in Y. pestis, hydrogen peroxide was used 
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in growth inhibition assays with the R88 and the ∆luxS YP26 strains. In the presence of the 
oxidant, YP26 displayed a longer growth lag in culture medium and increased sensitivity on 
agar plates (data not shown) in accordance with our microarray results (Table S2). To 
quantify this phenotype, a dose-response of peroxide exposure at 37°C (Fig. 4.4A) and 30°C 
(Fig. 4.4B) with calcium, and 30°C without supplementation (Fig. 4.4C), was performed and 
a viable cells were enumerated. In every condition, the ∆luxS mutant displayed increased 
sensitivity to hydrogen peroxide exposure. 
 
 
Figure 4.4. Y. pestis ∆luxS mutant is more sensitive to hydrogen peroxide killing. The 
R88 (black bars) and YP21 (∆luxS mutant, white bars) strains were grown in BHI and 
exposed to varying concentrations of hydrogen peroxide for 1 hr. The reactions were 
quenched and colony counts performed. A. Cells grown at 37°C with supplemented calcium. 
B. Cells grown at 30°C with supplemented calcium. C. Cells grown at 30°C. 
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Discussion 
In this report, we demonstrate that Y. pestis CO92 utilizes an AI-2 QS mechanism that is 
similar to other enteric pathogens. Y. pestis makes AI-2 in a LuxS-dependent manner, and we 
identified an lsr chromosomal locus that modulates the stationary phase level of extracellular 
AI-2. Finally, preliminary findings indicate AI-2 sensing may be important for resistance to 
oxidative stress.   
A recent study in the Y. pestis KIM strain demonstrated that luxS mutants were unable to 
make AI-2 and this phenotype could be complemented (4). Our time course analysis has 
taken these observations a step further and demonstrated that AI-2 is only produced in a tight 
window during logarithmic growth (Fig. 4.1). In stationary phase, the AI-2 levels drop 
precipitously in an Lsr-dependent manner, similar to what has been observed in S. enterica 
and E. coli (30, 37). Whether the concentration decline is due to extracellular degradation of 
AI-2 or transport is not clear. Considering the lsr locus encodes an LsrACD transporter that 
is functional in other enteric pathogens (31, 36), it seems likely that the disappearance is due 
to AI-2 transport.  
The results of the AI-2 time course study in the Y. pestis Δlsr mutant (Fig. 4.5) mirrors 
the findings in S. enterica and E. coli (30, 36). In all three pathogens, when the Lsr 
transporter is deactivated, the extracellular AI-2 levels are prolonged but eventually drop to 
lower levels. These observations prompted the proposal that another low affinity or cryptic 
AI-2 transporter may exist. The lsrACDBFGE operon shows striking parallels to the rbs 
operon (31), which encodes functions required for ribose transport. In the oral pathogen 
Actinobacillus actinomycetemcomitans, the periplasmic ribose receptor RbsB binds AI-2 
with strong affinity (17). However, a knockout of the rbs system in A. 
actinomycetemcomitans had only a minimal effect on AI-2 extracellular levels (29), 
paralleling observations made previously in E. coli (14). Taken together, the Lsr system is 
the primary mechanism of AI-2 transport in most bacteria, and the Rbs system functions at a 
secondary level. Both the lsr and rbs systems need to be deactivated for maintaining 
extracellular AI-2 levels (29). Similar to other bacteria, a chromosomal locus with similarity 
to the rbs operon is present in Y. pestis CO92 (ORFs YPO3633-3639), which could be 
functioning in this capacity. Other transporters, such as the TqsA protein (16), could also be 
contributing to the stationary phase drop in AI-2 in the Δlsr mutant (Fig. 4.5), and a TqsA 
homologue is present on the Y. pestis CO92 chromosome (YPO2450). Further investigation 
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is necessary to clarify possible roles of the putative rsb locus or TqsA in AI-2 binding and 
transport.  
 
Figure 4.5. AI-2 production profile in Y. pestis ∆lsr mutant and quantification of signal 
levels. A. Y. pestis strains R88 (open circles) and ∆lsr mutant (filled circles) were grown with 
shaking in BHI at 30°C. At each time point during growth, cell supernatants were collected, 
filtered, and assayed for AI-2 using the V. harveyi MM32 reporter strain. B. AI-2 was 
biosynthesized using purified Y. pestis CO92 Pfs and LuxS enzymes (see Materials and 
Methods). A standard curve was prepared using the synthesized AI-2 in the V. harveyi 
bioassay. C. Conversion of the bioluminescence output into AI-2 concentration using the 
developed standard curve. 
Our findings with the sensitivity to hydrogen peroxide killing suggest a role for AI-2 in 
the oxidative stress response. Yersinia pestis possesses two functional catalases, KatA and 
KatY, that are known to contribute to hydrogen peroxide resistance (13). Reduced levels of 
one or both of these enzymes could explain the increased sensitivity oxidative stress (Fig. 
4.4). Although subtle temperature regulation of the katY gene has been reported (13), we did 
not observe significant temperature or calcium dependence in our killing assay.  
Knockouts of the luxS biosynthetic gene in many pathogenic bacteria have revealed broad 
spectrum phenotypes. These phenotypic changes can range from biofilm defects to altered 
expression of virulence factors and have been summarized in review articles (32). While we 
have identified a putative role for AI-2 signaling in oxidative stress response, other studies 
have linked the system to Y. pestis biofilm formation (4), an important factor during growth 
in the flea. However, the biofilm phenotype was observed in combination with acyl 
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homoserine lactone knockouts, suggesting the contribution of AI-2 to this phenotype is 
unclear.  
Our studies show that the Y. pestis AI-2 quorum-sensing system functions in a similar 
manner as the S. enterica paradigm model. Both pathogens make AI-2 during logarithmic 
growth, modulate extracellular levels using the Lsr system, and recognize the R-THMF form 
of the signal (Kavanaugh and Horswill, submitted). We have gone further and uncovered a 
function for AI-2 in Y. pestis oxidative stress response, shedding light on a potential role for 
the system in host interactions. Beyond these enteric pathogens, recent studies in the plant 
symbiont S. meliloti indicates that the Lsr system is also present in non-pathogenic bacteria 
(25). Interestingly, S. meliloti does not possess luxS, but responds to the R-THMF form of 
exogenous AI-2 using an Lsr system, providing a new twist on this signaling theme. As the 
pool of bacteria with functional AI-2 systems continues to grow, we are gaining an improved 
understanding of the contribution of this communication mechanism to the lifestyles of 
diverse Gram-negative and Gram-positive bacteria.  
More than 100 bacteria can produce and detect AI-2 quorum sensing signals, therefore 
AI-2/luxS quorum sensing is thought to represent an important means of inter-generic 
communication (35). To clarify the function of AI-2 mediated QS in Y. pestis, we compared 
the transcriptomes of the ∆pgm strain of CO92 with mutant QS strains using microarrays. 
This gave us insight into the role of AI-2 in gene expression on a global basis. According to 
the number of significantly regulated genes in the microarray experiments of this study 
(Table S4.6), AI-2 quorum sensing was an important regulator of gene expression at 37°C 
with an effect on 615 genes at p < 0.05 and an absolute value fold change > 1.5 in the 
∆luxS::Kan mutant study (strain R109).  
Since this experiment involved full induction of both AHL pathways, the AI-2 addition 
study might better isolate only the AI-2 contribution to gene expression, a more modest 
number of 32 significant genes at p < 0.05 at 37°C (Table S4.7). In the latter experiment, 
only AI-2 induction would have been operative. An almost identical number of genes were 
significantly different in transcript levels at 37°C in the absence of all three quorum sensing 
pathways in strain R115. In three of the four studies, more genes were differentially 
expressed at 30°C than at 37°C. The one exception was the luxS mutation where 615 genes 
were differentially regulated at 37°C but only 259 were at 30°C.  
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In this study, we found numerous metabolic associated genes included maltose, galactose, 
arabinose, and fatty acids that were down-regulated in the ∆luxS::Kan mutant at 37°C. There 
is evidence that AI-2 QS can regulate carbohydrate metabolism in Streptococcus gordonii 
(22). Bacteria transport maltose, galactose from extracellular fluid into the cytosol. Why is it 
important? We know the maltose or galactose can be utilized as nutrition, though fatty acids 
are toxic to E. coli. The malQ gene encoding a maltodextrin phosphorylase is a pseudogene 
in Y. pestis. This mutation results in glucose-1-phosphate cannot go back to glucose to 
complete the O-antigen unit. We know Y. pestis contains the core constituents of 
lipopolysaccharide but lacks the extended O-group side chains (27). The agaYZ involved in 
metabolism of N-acetylgalactosamine and N-acetylgalactosamine is necessary for 
intercellular communication, and is concentrated in sensory nerve structures of both humans 
and animals. The agaYZ genes were down-regulated in the ∆luxS::Kan mutant ISM1980 and 
triple QS mutant ISM1185 at 37°C. 
As a Gram-negative bacteria, Y. pestis requires nutrients pass through outer and inner 
membranes. Around 40 membrane proteins, lipoproteins and porins were up or down-
regulated in the ∆luxS::Kan mutant at 30°C (Table S4.2). Around 84 membrane proteins, 
lipoproteins and porins were up or down-regulated in ∆luxS::Kan mutant at 37°C. This 
suggests that remodelling of the cell envelope might be one response when luxS gene is 
mutated at 30°C or 37°C. yapM (YPO0823), an autotransporter, decreased its expression in 
the ∆luxS::Kan mutant ISM1980 at both 30°C and 37°C. The results suggest yapM is 
regulated by AI-2/LuxS, not by thermo-regulation. The function of yapM requires further 
investigation. The envelop protein ompW encoding a putative exported protein was also 
down-regulated ∆luxS::Kan mutant at both temperatures 30°C and 37°C. 
Yersinia pestis colonizes the flea gut, without killing the insect. There are 7 putative 
insecticidal toxins encoded by the CO92 chromosome (34). Three are members from the tca 
gene family and four are paralogs of the tccC genes. The functions of the insect toxin 
complexes genes in the pathogenic Yersiniae are not determined. There is evidence that oral 
injection of purified Tca protein from bacterium Photorhabdus luminescens to the tobacco 
hornworm Manduca sexta larvae can damage the insect midgut epithelium (3). Down-
regulation of the putative insecticidal toxin tccC1 (YPO3674), the insecticidal toxin tcaC 
(YPO3678) and the putative insect toxin tcaA (YPO3681) in the ∆luxS::Kan mutant at 30°C 
suggests that insect toxins may help Y. pestis adaptation to the flea midgut. The tccC1 gene is 
present in all strains of Y. pestis but not in Y. pseudotuberculosis (24). The tcaA (YPO3681) 
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was down-regulated in ∆luxS::Kan mutant at 37°C as though it is not necessary in the 
mammalian host.  
Oxidative stress is encountered by Y. pestis under a variety of conditions due to its 
exposure to various highly reactive oxygen derivatives in the host. The catalase genes katA 
(catalase), katY (catalase-peroxidase), and sodB (superoxide dismutase) were up-regulated in 
R88 compared to the ∆luxS mutant at 37°C indicating Y. pestis combats oxidative stress 
inside host cells. Both katA and katY were also up-regulated in R88 compared to the ∆luxS 
mutant at 30°C. This supports our results in the hydrogen peroxide killing assay as well (Fig. 
4.4). The cells used in this assay were from an overnight culture and undoubtedly had fully 
induced AI-2 QS with its accompanying protein expression, supporting the idea that QS 
resists oxidative stress in the host. 
There is some evidence that AI-2/LuxS quorum sensing correlates with flagella in 
Salmonella (18). Although Y. pestis is aflagellar, the flagella/chemotaxis related genes fliAQ 
were down-regulated in ∆luxS::Kan mutant at 30°C indicating flagella genes in Y. pestis may 
have unknown functions that need further investigation. 
The 70-kb virulence plasmid pCD in Y. pestis encodes a type III secretion system (TTSS) 
that injects cytotoxins termed Yops into the mammalian cytosol. The TTSS transcripts were 
up-regulated in both strains containing a luxS mutation, ISM1980, and R115 at 37°C. 
Although there is some evidence that luxS gene does not affect the expression of TTSS in 
Salmonella (26), our data shows that this does not appear to be the case in Y. pestis at 37°C. 
Two other virulence-related genes, psaA and mgtB, were also down-regulated in AI-2 treated 
cells at 37°C. These results indicate that luxS and three QS systems can decrease the 
expression of some virulence factors and may have important consequences for infection in 
the mammalian host.  
In this report, we demonstrated that Y. pestis CO92 utilizes an AI-2 quorum-sensing 
mechanism that is similar to other enteric pathogens. Yersinia pestis makes AI-2 in a LuxS-
dependent manner during late logarithmic growth, and we identified an lsr chromosomal 
locus that modulates the stationary phase level of extracellular AI-2. Our array data indicate 
that AI-2 QS affects the general physiology of the cell and may impact expression of 
virulence factors as well. Finally, our findings indicate AI-2 sensing may be important for 
resistance to oxidative stress.  
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CHAPTER 5. DISCUSSION 
 
General Discussion 
Yersinia pestis, the etiology of plague, is sometimes referred to as Black Death and a 
dangerous public health threat. Plague is a zoonotic disease primarily spread between 
mammals by fleas. Yersinia pestis secretes and senses cell density-dependent chemical 
signals to synchronize transcription between cells of the population in a process named 
quorum sensing. Though the closely related enteric pathogen Y. pseudotuberculosis uses 
quorum sensing system to regulate motility, the role of quorum sensing in Y. pestis remains a 
mystery. To clarify the role of quorum sensing in Y. pestis, we performed 17 transcriptome 
analyses of Y. pestis QS mutant comparisons with the isogenic ∆pgm strain of CO92 
including a series of QS signal addition studies all at two different growth temperatures 
(30°C and 37°C). These studies provided preliminary data for further analysis of the QS 
phenotype in Y. pestis. The focus of this study was to delineate the effects that QS might 
have on gene regulation. For better organization, we divided the results into three major 
groups represented by Chapters 2-4.  
In Chapter 2, we describe the detection of two AI-1 signals (acyl homoserine lactones or 
AHLs) as a function of growth, the effect that QS has on maltose fermentation and growth in 
minimal acetate medium, and the glyoxylate bypass. To determine the time course of AHL 
production in CO92, a radiolabeling assay was employed. The three major peaks eluted 
correspond to 3-oxo C6, C6 and C8 AHLs, respectively. This supports previously published 
work that demonstrated these three compounds as primary AHL signals in Y. pestis. Our 
microarray studies utilized this information in determining the time course of the cell 
treatments. By growing cells to an optical density (OD600) of 1.0, we were able to fully 
induce QS in the parent strain and full AI-2 induction in the double mutant, which lacks AHL 
synthesis. These studies identified genes regulated by the two AHLs by comparing the 
transcriptome of a double mutant (∆yspIR ∆ypeIR) to its isogenic parent (∆pgm) in strain 
CO92 at 30°C. These studies showed that AHL based quorum sensing controls the 
expression of several metabolic functions; maltose fermentation and the glyoxylate bypass 
are induced by acyl-homoserine lactone signaling. This effect was seen to be temperature 
conditional. Metabolism is unresponsive to AHL quorum sensing regulation at mammalian 
body temperature, indicating a potential role for AHL quorum sensing regulation of 
metabolism specifically during colonization of the flea vector.  
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In Chapter 3, we describe additional transcriptome studies involving more defined 
mutants and the addition of AHL signals to parent cells at early QS time points. By using 
single ∆yspI or ∆ypeIR mutants, we able to differentiate the effects of the two pathways on Y. 
pestis metabolism. By adding purified AHL signals to early log phase cultures (cultures prior 
to generation of measureable AI-2 or AHL signals), we were able to determine the effects of 
AHL signals on Y. pestis metabolism independent of AI-2 effects.  
We conducted microarray studies comparing Y. pestis CO92 (∆pgm) to AHL single 
mutant strains (∆pgm ΔypeIR or ∆pgm ΔyspI) or to a double AHL mutant strain (∆pgm 
ΔypeIR ΔyspIR) at the two temperatures of 30°C and 37°C. Our data show AHL quorum 
sensing systems regulated more genes at the lower temperature (30°C) suggesting the impact 
of AHL QS in Y. pestis is greater on flea survival than on human virulence. The YpeR and 
YspR pathways activate and repress different set of genes that profoundly affect the 
physiology of Y. pestis. Our results also show that the Ype and Ysp QS pathways can 
regulate the same genes, such as the Mg2+ transporter mgtC that responds to a low Mg2+ 
environment. The role of the two AHL quorum sensing systems together appears to be to 
optimize growth or survival inside the arthropod vector by altering carbohydrate metabolism 
and virulence gene expression.  
In Chapter 4, we describe the genes regulated directly or indirectly through AI-2 quorum 
sensing in Yersinia pestis by deletion mutation and transcriptomics. In strain CO92, the AI-2 
signal is produced in a luxS-dependent manner, reaching maximal levels of 2.5 µM in late 
logarithmic growth, and both wild type and pigmentation mutant (∆pgm) strains make 
equivalent levels of AI-2, supporting our use of the ∆pgm mutant for these studies. The role 
that quorum sensing via AI-2 signals controls expression of virulence genes is not clear 
because the number and types of genes controlled by quorum sensing have not been studied 
systematically.  
To assess the functional role of AI-2 sensing in Y. pestis, microarray studies were 
conducted comparing the CO92 (∆pgm) to a ∆pgm ∆luxS mutant or a quorum sensing-null 
mutant ∆pgm ΔypeIR ΔyspIR ∆luxS at 30°C and 37°C to mimic the flea gut and mammalian 
host temperatures, respectively. Our data suggested that AI-2 quorum sensing is associated 
with metabolic activities and oxidative stress genes that help Y. pestis to survive at the host 
temperature of 37°C. This was confirmed by hydrogen peroxide killing tests with the luxS 
mutant showing increased sensitivity, suggesting a potential requirement for AI-2 in evasion 
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of oxidative damage. Altogether, this study provides the first in depth analysis of AI-2 
signaling in Y. pestis and outlines a potential role for the system in stress response. 
In summary, our results show that quorum sensing was found to control expression of 
genes involved in the catabolism of suboptimal carbon sources. AHL or AI-2 quorum sensing 
activate and repress different set of genes in a temperature-controlled manner. The 
temperature effects on QS gene regulation were profound. In most instances, QS regulation 
at 37°C was negated although notable exceptions were noted. Thus, it appears that QS 
regulation is more important to the insect vector as the organism undergoes substantial 
changes in nutrients as opposed to the mammalian host. 
 
Recommendations for Future Research 
One of the most important studies to be done to follow up these studies is a thorough 
assessment of QS in pathogenesis. Given the extent of gene regulation identified in these 
studies, it is important that better-defined infection models and mutants be utilized. This 
could be done by examining the effect of different QS mutations in wild type CO92 on 
virulence using mouse pneumonic and subcutaneous infection models. The mutations will 
have to be constructed by recombineering, possibly by a genetic system under development 
by the Phillips laboratory that does not use antibiotic resistant markers.  
Additionally, it will be important to follow the interaction of the QS mutants with the flea 
midgut and proventriculus over time. This will require an examination of their growth and 
survival over time, both before and after blood meals. It should also involve examining their 
virulence potential by feeding infected fleas on mice after flea infection over time. The main 
question for these studies would be if Y. pestis retains its virulence potential over time in the 
flea while lacking specific QS pathways.  
Another important line of study would be to thoroughly characterize the interactions of Y. 
pestis QS mutants with human macrophages. Our preliminary studies show that survival of Y. 
pestis does not seem to be affected by QS mutations (Appendix D). Future studies should 
focus on the macrophage responses and determining whether QS in Y. pestis can alter the 
macrophage’s contribution to the immune response overall.  
One series of studies that we did not pursue further was a temperature shift experiment 
from 30°C to 37°C in the ∆pgm genetic background. Our microarray results clearly showed 
 100  
many of the genes known to undergo temperature regulation including a type VI secretion 
system that is down-regulated at 37°C. Further studies in the area would be important to our 
overall understanding of virulence in this important pathogen.  
Yersinia pestis forms biofilms in the flea midgut during colonization. An important area 
of study would be to measure the impact of QS mutations on the ability of Y. pestis to form 
biofilms. These studies could begin with simple biofilm structures produced in the laboratory 
and then move to more complex biofilms including those formed in the flea midgut. Since it 
is not known what effect the Pgm deletion would have on biofilm production, these studies 
would necessarily involve the wild type strain and would have to be performed under BSL3 
laboratory conditions.  
Our results indicate that terY was differentially expressed during exposure of the cells to 
AHLs at 30°C. TerY is a protein that confers tellurite resistance. Tellurite is highly toxic for 
most microorganisms. One avenue of study might be the examination of the impact of QS 
mutations with different antimicrobials including tellurite. 
Further analysis of the AHL pathways and their gene products is warranted since we have 
shown that their gene products have significant physiological effects on the general 
physiology of the cell. Two lines of study are worth mentioning: structure-function studies of 
AHL binding to YpeR and YspR; and interaction of YpeR and YspR with promoter regions 
of the maltose regulon or genes in the glyoxylate bypass cycle to assess whether AHL 
regulation occurs through a direct or indirect mechanism.  
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APPENDIX A. PURIFICATION OF F1-V MODIFIED FUSION 
PROTEIN F1B2T1-V10, LamB AND YapM OF Y. PESTIS 
  
F1B2T1-V10 plasmid construction and protein purification 
Gene structure. To express the recombinant F1B2T1-V10 protein, a gene construct was 
first synthesized (Integrated DNA Technologies, Coralville, IA) by the Greg Phillips 
laboratory (pUCF1V), but it was moved to an expression vector (pDEST17, Invitrogen) for 
high level expression studies. The synthetic gene was designed to encode a product with an 
amino terminal region comprised of 3 distinct immune-stimulating domains/epitopes of the 
Y. pestis F1 capsular protein. Specifically, these regions comprised amino acids 32-50 and 
53-76 of the full-length F1 antigen representing B cell epitopes, and amino acid residues 79-
93, a T cell epitope (Fig. A1). The fusion of these three F1 regions was designated as F1B2T1. 
These epitopes were shown to elicit a humoral immune response and protect mice against Y. 
pestis challenge (2). The carboxy-terminal region of the fusion construct (amino acids 96-390 
of the recombinant antigen) represents a modified version of LcrV lacking a domain 
(residues 271-300 of Y. pestis LcrV) shown to trigger induction of interleukin 10 by host 
immune cells (1) and was designated as V10. To enable purification of F1B2T1-V10, the 
synthetic gene also includes bases that encode an enterokinase cleavage site near the amino-
terminus (amino acids 25-29) of the recombinant gene product. To maximize expression, the 
nucleotide sequence of the F1B2T1-V10 coding region was also modified so the codon usage 
of the resulting transcript matches that of highly expressed genes in E. coli. The final 
construct expresses a 390 amino acid product that includes an amino-terminal hexa-histidine 
epitope tag (amino acids 5-10) to simplify protein purification (Fig. A1). 
 
 
Figure A.1. Gene construct encoding F1B2T1-V10. Here EK is the enterokinase cleavage 
site; attB1 and attB1 are site-specific recombination sites to enable Gateway cloning; and 
6xHis is the hexa-histidine epitope within pDEST17. 
 
Cloning. The gene was subcloned from pUCF1V to pDEST17 by the following way. 
PCR was used to generate the gene plus the attB1 (5'-end) and attB2 (3'-end) sequences that 
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enabled use of the Gateway cloning system (Invitrogen, Carlsbad, CA) for insertion into 
pDEST17 (Table A1). The recombineering BP reaction with pDONR221 yielded a plasmid 
with the target gene inserted, which was then moved to pDEST17 by a LR reaction yielding 
pISM51. F1B2T1-V10 is expressed from pISM51 by the T7 promoter.  
Table A.1. Primers used for cloning. 
Name Sequence (5´ – 3´) 
F1V-F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCAGCAGGTGATGATGATGATAAA 
F1V-R GGGGACCACTTTGTACAAGAAAGCTGGGTACTATTTGCCAGAAGTATCGTCCAGCA 
lsrR-F ATATGAATTCAGATAAGCAGGCAAGAAA 
lsrR-R ATATGAATTCTGTGACGGTCACGAGCAC 
Overlap-R AATTAATCTGGACGCGGATCACCCCAGACTG 
Overlap-F CAGTCTGGGGTGATCCGCGTCCAGATTAATT 
pMM1522-BstBI-
F 
TATAAGTTCGAAGCATCACCATCACCATCACCATCACCTCGAA
TC 
LamB-pMM1522-
R ATAGGCATGCGGCCACCAGGCTTCGAATTGCGC 
YapM -
pMM1522-R ATAGGCATGCGGGAAGTGTTTAGAAACACTCAGACC 
 
Protein Purification of F1B2T1-V10  
E. coli BL21 (E. coli B F– dcm ompT hsdS(rB–, mB–) gal l(DE3)) containing plasmid 
pISM51 was grown overnight at 37°C in Luria-Bertani broth containing 100 µg/mL 
ampicillin, diluted 1:100 in the same media and then induced with 1 mM isopropyl β-D-l-
thiogalactopyranoside for 4 h. Cell pellets were obtained by centrifugation (6,000 x g, 30 
min) and washed once with phosphate buffered saline (0.05 M, pH 7.2) by centrifugation. 
The final cell pellet from a 2 L culture was resuspended in 50 mL of lysis buffer (20 mM 
Tris, 100 mM sodium chloride, 20 mM imidazole, 8 M urea, pH 8.0), passed through three 
cycles of freeze-thaw, and then cellular debris was removed by centrifugation at 12,000 x g 
for 10 min followed by filtration through a 0.45 µm filter.  
A BioLogic Protein Purification system (Bio-Rad Laboratories, Hercules, CA) was used 
for recombinant F1B2T1-V10 protein purification. Fifty mL of induced cell lysate was passed 
through a 1.2 x 20 cm column packed with 5 mL of Proaffinity IMAC nickel 
chromatography resin (Bio-Rad). The column was then washed with 10 column volumes of 
binding buffer (50 mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, 8 M 
urea, pH 8.0) until baseline was achieved. The protein was eluted with a linear gradient of 20 
– 500 mM imidazole in binding buffer. Aliquots of 5 mL fractions were analyzed by western 
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blot using anti-Yersinia V antigen or anti-6xHis monoclonal (Clontech Laboratories, Inc., 
Palo Alto, CA) with its appropriate conjugant [alkaline phosphatase labeled donkey anti-goat 
(Santa Cruz Biotechnology, Santa Cruz, CA) or alkaline phosphatase labeled goat anti-mouse 
Ig (H+L) (Southern Biotechnologies, Birmingham, AL).  
Purification of F1B2T1-V10 protein was followed by western blot analysis using anti-V 
antigen antisera (Fig. A2). Approximately 10 µg of unpurified induced or uninduced whole 
cell lysate and 200 ng of purified unmodified fusion F1-V protein (Biodefense and Emerging 
Infections Research Resources Repository, Manassas, VA) were loaded on a 10% Criterion 
Tris-HCl gel (Bio-Rad), resolved by electrophoresis and blotted to nitrocellulose. The 
immunoblot was developed with anti-V antiserum (1:10,000) and alkaline phosphatase-
labeled donkey anti-goat conjugate antiserum (1:50,000). 
 
37 kDa
53 kDa
 
Figure A.2. Electrophoretic analysis of rF1B2T1-V10 and F1-V.  Lanes 1 and 4: induced 
whole cell lysate expressing rF1B2T1-V10; Lanes 2 and 5: uninduced whole cell lysate 
control; Lanes 3 and 6: purified F1-V (BEI). Left panel: Coomassie blue stained gel; right 
panel: immunoblot.  
 
Recombinant protein containing fractions were combined, and endotoxin was removed 
using ActiClean Etox (Sterogene Bioseparations, Inc., Carlsbad, CA). The combined 
fractions from one chromatography run were passed through 5 mL of resin and then dialyzed 
against water using 7000 Da MW cutoff dialysis tubing (Pierce Chemical Co., Rockford, IL). 
Endotoxin levels were determined using a chromogenic QCL-1000 Limulus Amebocyte 
Lysate assay (Lonza Group Ltd, Basel, Switzerland).  
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LamB and YapM plasmid construction and purification 
LamB functions in maltose metabolism and secondary as a phage receptor. YapM 
encodes an autotransporter. Both lamB and yapM were differentially-expressed in our 
microarray studies, and thus our interest in testing them for vaccine potential.  
We cloned lamB and yapM first into pDEST17 by PCR as described above for F1B2T1-
V10. The primers used are described in Table A1, and the template was Y. pestis genomic 
DNA. During purification of these proteins from E. coli, however, we were unable to remove 
endotoxin from the purified protein preparations despite using a variety of resins that 
previously had worked well for us with F1B2T1-V10. Consequently, we chose to move the 
genes into a Gram-positive Bacillus megaterium expression host and use that host for 
expression and purification. We cloned both genes into the Bacillus megaterium pMM1522 
vector using PCR to generate the target gene using the pDEST17 constructs as template. The 
amplified fragments were designed to include the 8-histidine tag at the N-terminal present in 
pDEST17. We then performed a double restriction enzyme digestion (BstBI and SpeI) on the 
PCR fragments and the expression vector pMM1522, following removal of 5’ phosphates 
from the digested vector using alkaline phosphatase. Following ligation of the PCR fragment 
and digested vector for 5 minutes at room temperature, the mixture was transformed into 
DH5α chemical competent cells and plated on ampicillin plate. After confirmation of each 
construct, we transformed the plasmids to B. megaterium protoplasts.  
The induction of protein expression in Bacillus was accomplished with 0.5% xylose once 
the cell density reached 0.3. Induction continued for 4 h at 37°C. The cells were then 
pelleted, washed once with PBS and then lysed by sonication in the presence of lysis buffer 
(10 mM Tris, 200 mM NaCl, 5 mM β-mercaptoethanl, pH 7.5). Following clarification by 
centrifugation, the cell lysate was passed through a 0.45 µm filter and then the protein was 
purified as described above for F1B2T1-V10. Each purified protein product was examined by 
SDS-PAGE. Total purified protein obtained from a liter of Bacillus culture was 0.5 mg 
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APPENDIX B. REACTIVITY OF ANTI-AIL PEPTIDE ANTIBODIES 
TO Y. PESTIS 
  
  
Yersinia pestis must survive or multiply in blood to be transmitted between its insect 
vector and mammalian hosts for maintaining the enzootic transmission cycle. Thus resistance 
to serum is probably required for survival in both hosts. Ail is important in cell binding, cell 
invasion, bacterial auto-aggregation and serum resistance (1, 2). It is highly expressed, 
having one of the highest concentrations of membrane proteins. The Ail outer membrane 
protein, which is essential for Y. pestis to resist complement-mediated killing at 26°C and 
37°C, might be a new vaccine target.  
Peptide-specific rabbit antisera for the Ail surface-exposed loops 1, 2 and 3 (Fig. B1) 
were obtained from Greg Plano (University of Miami Medical School) and tested for binding 
to viable Y. pestis by fluorescence microscopy. Bacteria (Y. pestis and E. coli) were grown 
overnight, washed twice with PBS and then aliquoted to microfuge tubes (100 µl each). 
Antisera (α-loop 1, 2, and 3) was added to a tube (1 µl or 0.5 µl) and incubated for 1 h at 
room temperature. The cells were then washed twice with PBS and incubated with 
rhodamine red-X-labeled anti-rabbit (H+L) F(ab´)2 conjugate diluted 1:200 in PBS for 45 
min at room temperature. The cells were then washed once with PBS and then spotted to 
glass slides and examined by fluorescence microscopy.  
The results are shown in Figure B2. Antisera raised against loops 1 and 2 bound to Y. 
pestis whole cells but not anti-loop3 antisera. The results with E. coli are different, however. 
Only loop 1 antisera reacted with E. coli. These results supported our hypothesis that Ail 
might be a potential vaccine candidate since it is surface exposed in Y. pestis.  
To test this possibility, we obtained purified Ail protein from Francesca Marassi 
(Burnhan Institute for Medical Research, La Jolla, CA) as a lyophilized sample. This protein 
was sent to Dennis Metzger (Albany Medical College) and was used to immunize mice. The 
protein is highly hydrophobic, aggregates and is essentially insoluble in aqueous solutions. 
We were unable to generate antibody response against the protein in mice probably because 
of its insolubility. 
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Figure B.1.  Ail protein loop sequence and structure. 
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Figure B.2. Reactivity of Ail anti-loop antisera with Y. pestis and E. coli. Reactivity of 
anti-loop 1 and 2 antisera were noted with Y. pestis, but only loop 1 with E. coli. Loop 3 
antisera failed to react with either Y. pestis or E. coli. 
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APPENDIX C. CLONING OF LsrR FROM Y. PESTIS AND ITS REPAIR  
  
lsrR is a pesudogene in Y. pestis resulting from a deletion near the gene center causing 
premature termination and an inactive gene product. To test whether an intact, functional 
lsrR gene could affect Y. pestis physiology, we repaired the deletion using the following 
strategy. First, the gene from Y. pestis was cloned along with that from E. coli K12 as a 
control. The Y. pestis gene was then repaired using overlap PCR. Each of the products was 
placed into a low copy number vector pJPK12. To clone lsrR, a PCR product was first 
generated using primers lsrR-F and lsrR-R (Table 1) using Y. pestis genomic DNA as 
template. Following digestion of the PCR product and the pJPK12 vector by EcoRI, the 
vector was dephosphatased. Following ligation, the reaction mixture was transformed into 
DH5α creating plasmid pISM53. A similar construct containing the E. coli lsrR gene was 
obtained from Carrie Oster (Greg Phillips laboratory) and designated pISM52.  
The Y. pestis gene was repaired in the following way. First, a PCR reaction using primers 
lsrR-F and Overlap-R generated fragment A and a reaction using primers overlap-F and lsrR-
R generated fragment B. The overlapping region of these two products is the 3´ region of 
fragment A and 5´ region of fragment B. Both fragments were purified and equal amounts of 
each product were used in the next step. Next, we hybridized the two fragments by 
denaturing at 95°C and slowly cooling the reaction. We then performed PCR with primers 
lsrR-F and lsrR-R. As before, we digested the product and cloned into pJPK12 to generate 
pISM54. All constructs were confirmed by DAN sequencing. A Y. pestis ∆Pgm lsrR deletion 
mutant lacking a resistance marker was generated by Carrie Oster. This served as the host for 
the three plasmids (pISM52, pISM53 and pISM54). These strains along with a vector only 
control was sent to collaborators for further analysis of AI-2 production and other 
physiological changes.  
 
Table C.1. Primers used for cloning. 
Name Sequence (5´ – 3´) 
lsrR-F ATATGAATTCAGATAAGCAGGCAAGAAA 
lsrR-R ATATGAATTCTGTGACGGTCACGAGCAC 
Overlap-R AATTAATCTGGACGCGGATCACCCCAGACTG 
Overlap-F CAGTCTGGGGTGATCCGCGTCCAGATTAATT 
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APPENDIX D. KILLING OF Y. PESTIS BY HUMAN MACROPHAGES 
(CELL LINE THP-1) 
  
The human macrophage cell line THP-1 is an acute monocytic leukemia cell line that 
upon stimulation with phorbol 12-myristate 13-acetate (PMA) will differentiate into a cell 
resembling a macrophage-like phenotype. The goal of this study was to determine if quorum 
sensing can affect viability in the presence of these macrophage-like cells. We monitored Y. 
pestis Δpgm, Y. pestis CO92 Δpgm ΔyspI, Y. pestis CO92 ∆pgm ΔypeIR, Y. pestis CO92 
Δpgm ΔypeIR ΔyspIR, Y. pestis CO92 Δpgm ΔypeIR ΔyspIR luxS::kan and Y. pestis CO92 
Δpgm luxS::kan viability.  
The assay was performed in the following way. THP-1 cells in 24-well plates were 
prepared for infection by treating with 0.02µM PMA for 16-18 hours to induce 
differentiation into the macrophage-like phenotype (adherent, non-dividing). THP-1 cells 
were washed with fresh warm medium and after one day Y. pestis was added at a MOI of 
100:1. The bacteria were from an overnight culture that had been centrifuged and 
resuspended in fresh cell culture medium RPMI1640 +10%FBS to an OD600=1.0. The 
bacteria : THP1 cell co-cultures were incubated for 2 h at 37°C, 5% CO2, at which time the 
THP-1 cells were washed twice with warm PBS. Fresh media containing 10 µg/ml (final 
concentration) gentamicin was added to the THP-1 cells. The first plating time point is the 
cells incubated with gentamicin for half hour. For every time point, the cells were washed 
twice with 500 µl PBS to remove unbound bacteria. Cells were then lysed with 500 µl 0.1% 
deoxycholate for 5 min and plated in 100 µl aliquots to agar media (two biological replicates) 
to check the viability. Also, a 1/10 dilution was plated in duplicate (100 µl).  
Figure D.1 shows the relative viability percentage of five Y. pestis strains in THP-1 cells 
over a 24 hour time period. There is a decreasing trend of surviving bacteria in macrophage 
cells and viability dropped around 90% at the 24 hour time point for all 5 strains. In 
conclusion, the QS mutations did not seem to affect viability of the ∆Pgm strain in human 
macrophages.  
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Figure D.1. Survival of Y. pestis in human macrophage THP-1 cells over 24 hours.  
 
 
 111 
ACKNOWLEDGEMENTS 
 
I am very glad to have this opportunity to express my gratitude to all those who helped 
me in conducting research and writing the thesis. First and foremost, I would thank Dr. F. 
Chris Minion who gave me the possibility to complete this thesis. I want to thank for his 
insights, patience, encourage and support throughout my graduate education and the writing 
of this thesis. I would also like to thank my program of study committee members for their 
contributions to this work: Dr. Gregory J. Phillips’ valuable suggestions and his guidance 
throughout the initial stages of this work, Dr. Bryan Bellaire’s guidance on killing of Y. pestis 
by human macrophage THP-1 cells assays. I would like to thank Dr. Dan Nordman for also 
serving as my statistics minor representative. I would also like to thank the critical 
suggestions and assistance from Dr. Lyric Bartholomay and Dr. Qijing Zhang.  
I thank Dr. Robert Perry for providing Y. pestis strains R88, R109, R114 and R115, Dr. 
Gregory Phillips and Carrie Oster for strains ISM1980 and ISM2012. I’m thankful for Dr. 
Melissa Madsen for assistance with microarray data analysis and manuscript preparation. I’m 
thankful to Dr. Michael Carruthers and Dr. Stuart Gardner for their technical assistance with 
microarray, qRT-PCR setup and fold change calculation. I certainly appreciated the 
assistance provided by lab members of Dr. Supraja Puttamreddy, Janice Seibel, Andrew 
Peterson and Mishel M Stephenson Ojea. I am grateful to all my teachers for providing me 
with the necessary training. I want to express my gratitude to my parents, sister and my 
husband who have support me through all stages if my life. I thank them all. 
 
 
